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Office: University of Arkansas 
Chemical Hazards Research Center 
Engineering Research Center 
Engineering R~earch Blvd. 
Fayetteville AR 72701 
(479) 575-5381 
(479) 575-8718 (fax) 
(479) 236-0747 (cell) 
E-maih ]haveus(~,ua rk.edu 

Home: 809 Lighton Trail 
Fayettevllle AR 72701 
(479) 443-7722 

EDUCATIO~ 

BSChE, University of Arkansas, 1961 
MSChE, University of Colorado, 1962 
PhDChE, University of Oklahoma, 1969 

ARE.NS OF EXPERTISE 

Atmospheric Dispersion 
Fire and Explosion Phenomenology 

Dr. Havens is Distinguished Professor of Chemical Engineering at the University of Arkansas where he has 
been on the faculty since 1970; he is also Director of the U of A Chemical Hazards Research Center. He has 
industrial experience with the Phillips Petroleum and Procter and Gamble Companies and served as an 
officer in the U.S. Army Chemical Corps. 

Dr. Havens' primary research interests are In atmospheric dispersion of heavy gases and fire/explosion 
phenomena. He Is internationally recognized as an expert in methodologies for predicting atmospheric 
dispersion of hazardous, denser-than-air gases. He served as full-time Technical Advisor to the Office of 
Merchant Marine Safety, U.S. Coast Guard, Washington, DC, and he was technical advisor to the (British) 
National Maritime Institute in the conduct of the Thorney Island Heavy Gas Trials in England in 1982. Dr. 
Havens has testified in Marine Boards of Investigation into ma~or marine shipping accidents involving 
hazardous materials and has published comprehensive reviews and assessments of techniques used to predict 
vapor dispersion from accidental spills of LNG. He served in 1997-98 as a member of the SCOPE (Safety 
Controls Optimization by Performance Evaluation) panel for quantifying controls for reducing flammable 
gas risks at the Hanford, Washington, waste tanks; and he currently serves as a member of the Working 
Group on Destruction of Chemical Weapons of the Organization for the Prevention of Chemical Weapons 
Scientific Advisory Board. Dr. Havens served as the principal expert reporting to the Office of Special 
Counsel John C. Danforth regarding the fire which destroyed the Branch Devidian Complex near Waco, 
Texas, April 19, 1993. 

He has served as consultant to numerous U.S. and international government agencies and industries, 
Including: 

U.S. Army Ballistic Research Laboratory 
U.S. Air Force Scientific Advisory Board 
U.S. Coast Guard 
U.S. Department of Energy 
U. S. Department of Justice 
U.S. Environmental Protection Agency 

I 
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U.S. Transportation Safety Board 
U.S. National Nuclear Security Agency 
National Academy of Sciences 
National Manufacturers Association 
Chemical Manufacturers Association 
The Exxon Company 
The Mobil Company 
The Dow Chemical Company 
The Olin Corporation 
Mitsubishi Heavy Industries 
British Petroleum 
British Gas 
The Battelle Institute 
British Health and Safety Executive 
South Coast Air Quality Management District (California) 
Occupational Safety and Health Administration (OSHA) 

At the University of Arkansas, Dr. Havens conducts a dense gas dispersion research program which has 
received approximately $8 million in funding. He has conducted research to develop and validate 
mathematical models for heavy gas dispersion for the U.S. Coast Guard and the (former) Gas Research 
Institute. The DEGADIS and FEM3A dispersion models developed by Dr. Havens and his colleague Dr. Tom 
Spicer are specified for use in LNG plant siting applications in the federal regulation 49 CFR 193. 

The Arkansas State Board of Higher Education chose Dr. Havens to receive their first Award for Excellence 
in Research (1988), and he was presented the Merit Award for 2004 by the Mary Kay ()'Conner Center for 
Process Safety at Texas A&M University. 

In 1993 and 1994, he served on the Commission of European Communities Research and Development 
Directorate Research Proposal Review Board. The International Medical Commission on Bhopal invited Dr. 
Havens in January 1994 to be the only non-medical doctor on a 16-member team representing 14 countries; 
the Commission spent two weeks in Bhopal studying the Bhopal MIC release disaster. Dr. Havens has served 
on the NOAA/Natlonal Ocean Service program review panel and the Editorial Board of the Journal of 
Hazardous Materials; he is currently the Subject Editor for Environmental Dispersion for the IChemE 
Process Safety and Environmental Protection Journal. 

Dr. Havens is a registered professional engineer and holds memberships in the American Institute of 
Chemical Engineers, Sigma XI, the American Chemical Society, and the American Association for the 
Advancement of Science. 

A selected list of relevant publications, presentations, and research reports pertaining to heavy gas dispersion 
and fire and explosion phenomena follows. 

REFEREED JOURNALS AND PROCEEDINGS 

Havens, J. A., "An Assessment of Predictability of LNG Vapor Dispersion from Catastrophic Spills onto 
Water," Journal of Hazardous Materials, 3, 1979. 

Havens, J. A., "A Description and Computational Assessment of the SIGMET LNG Vapor Dispersion 
Model," Journal of Hazardous Materials, _6, 1982. 

Woodward, J. L., J. A. Havens, W. C. McBride, and J. R. Taft, "A Comparison with Experimental Data of 
Several Models for Dispersion of Heavy Vapor Clouds, Journal of Hazardous Materials, 6, 1982. 

Havens, J. A., "A Review of Mathematical Models for Prediction of Heavy Gas Atmospheric Dispersion," 
Institute of Chemical Engineers Symposium Series, 71, 1982. 

Havens, J. A., "Heavy Gas Dispersion Model Development," Lectures Series published by the yon Karman 
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Institute, Rhode Saint Genese, Belgium, 1982. 

Havens, J. A. and T. O. Spicer, "Further Analysis of Catastrophic LNG Spills on Water," in Heavy Gas and 
Risk Assessment, Volume 2, Reidel, 1982. 

Havens, J. A. and T. O. Splcer, "Gravity Spreading and Air Entrainment by Ileavy Gases Instantaneously 
Released in a Calm Atmosphere," In 1.U.T.A.M. Symposium on Atmospheric Dispersion of Heavy Gases and 
Small Particles, 1984. 

Spicer, T. O. and J. A. llavens, "Modeling the Phase I Thorney Island Experiments," Journal of Hazardous 
Materials, 11, 1985. 

Spicer, T. O. and J. A. Havens, "Development of a Heavy Gas Dispersion Model for the U.S. Coast Guard 
llazard Assessment Computer System," in Heavy Gas and Risk Assessment, Volume 3, Reidel Publishing 
Company, 1985. 

llavens, J. A., "Atmospheric Dispersion of Iteavy Gases: An Update," lnslJtute of Chemical Engineers 
Symposium Series, 93, 1985. 

Havens, J. A. and T. O. Spicer, "Application of a Heavy Gas Dispersion Model to the Prediction of Dispersion 
of Nitrogen Tetroxlde," 1985 JANNAF Safety and Environmental Protection Meeting, Naval Postgraduate 
School, Monterey, California, November 1985. 

llavens, J. A., P. J. Schreurs, and T. O. Spicer, "Evaluation of 3-D Hydrodynamic Computer Models for 
Prediction of LNG Vapor Dispersion in the Atmosphere," Eighth International Conference on Liquefied 
Natural Gas, Los Angeles, California, June 1986. 

Splcer, T. O., J. A. Havens, P. A. Tebeau, and L. E. Key, "DEGADIS-A Heavier-than-Air Gas Atmospheric 
Dispersion Model Developed for the U.S. Coast Guard," American Pollution Control Association Annual 
Conference, Minneapolis, Minnesota, June 1986. 

Spicer, T. O. and J. A. Havens, "Field Test Validation of the DEGADIS Model," Symposium on Analysis and 
Interpretation of the Thorney Island Trials, Sheffield, England, September 1986 (also published in November 
1987 In a special Issue of the Journal of Hazardous Materials). 

Havens, J. A., P. J. Sehreurs, and T. O. Spicer, "Analysis and Simulation of Thorney Island Trial 34, " 
Symposium on Analysis and Interpretation of the Thorney Island Trials, Sheffield, England, September 1986 
(also published in November 1987 in a special issue of the Journal of Hazardous Materials). 

Havens, J. A., "The State of the Art in Prediction of Atmospheric Dispersion of Heavy Gases," invited review 
paper, Proceedings of Fifth International Symposium on Loss Prevention and Safety Promotion in the 
Process Industries, Cannes, France, September 1986. 

Havens, J. A., "Mathematical Models for Atmospheric Dispersion of Hazardous Chemical Gas Releases: An 
Overview," Proceedings, American institute of Chemical Engineers Center for Chemical Process Safety's 
International Symposium on Preventing Major Cbemical Accidents, Washington, DC, February 1987. 

Spicer, T. O. and J. A. Havens, "Gravity Flow and Entrainment by Dense Gases Released Instantaneously 
into Calm Air," Proceedings, Third international Sympmlum on Stratified Flows, Pasadena, California, 
February 1987. 

Spieer, T. O., J. A. Havens, and L. E. Key, "Evaluation of the DEGADIS Dispersion Model using Data from 
Field Releases of Pressurized Ammonia," Air Pollution Control Association Annual Meeting, New York, New 
York, June 1987. 

Sehreurs, P. J., J. Mewis, and J. A. Havens, "Numerical Aspects of a Lagrangian Particle Model for 
Atmospheric Dispersion of Heavy Gases," Atmospheric Environment, 1987. 
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Havens, J. A., T. O. Spicer, and P. J. Schreurs, "Evaluation of 3-Dimensional Numerical Atmospheric 
Dispersion Models," Proceedings, International Conference on Vapor Cloud Modeling, sponsored by the 
American Institute of Chemical Engineers and United Kingdom Institution of Chemical Engineers, Bost, 
Massachusetts, November 1987. 

Havens, J. A., T. O. Spicer, and D. E. Layland, "A Dispersion Model for Elevated Heavy Gas Jet Releases," 
Proceedings, International Conference on Vapor Cloud Modeling, sponsored by the American Institute of 
Chemical Engineers and United Kingdom Institution of Chemical Engineers, Boston, Massachusetts, 
November 1987. 

Spicer, T. O., J. A. Ha~ and L. E. Key, "Uncertainties in the Application of Atmospheric Dispersion 
Models in the Presence Jet Releases, Aerosol Releases, or Heterogeneous Surface Roughness," JANNAF 
Safety and Environmental Protection Subcommittee Meeting, Monterey, California, May 1988. 

Spicer, T. O. and J. A. Havens, "Modeling HF and NH~ Spill Test Data Using DEGADIS," 1988 Summer 
National Meeting of the American Institute of Chemical Engineers, Denver, Colorado, August 1988. 

Havens, J. A., T. O. Spicer, and D. Guinnup, "A Dispersion Model for Gas Pipeline Accidental Releases," 
1989 A1ChE Houston Sprinf *eeting, Houston, Texas, April 1989. 

Havens, J. A. and T. O. Spic £xtension of the DEGAD1S Atmospheric Dispersion Model for Elevated 
Dense Gas Jet Releases," 6tt. snternational Symposium on Loss Prevention and Safety Promotion in the 
Process Industries, Oslo, Norway, June 1989. 

Spicer, T. O. and J. A. Havens, "Modeling Aerosol Dispersion for Accident Consequence Analysis," AIChE 
National Meeting, Orlando, Florida, March 1990. 

Havens, J. A. and T. O. Spieer, "Software Review: TECJET: An Atmospheric Dispersion Model," Risk 
Analysis, VoL 10, No. 3, 1990. 

Havens, J. A., T. O. Splcer, S. Khajehnajafl, and T. Williams, "Developments in Liquefied Natural Gas 
Dispersion Modeling," International Conference and Workshop on Mitigating the Consequences of 
Accidental Releases of Hazardous Materials, Ne,v Orleans, Louisiana, May 1991. 

Havens, J. A., H. L. Walker, and T. O. Spicer, "Wind-Tunnel Data Sets for Complex Dispersion Model 
Evaluation," Journal of Loss Prevention in the Process Industries, Vol. VII, 1994. 

Spicer, T. O., J. Balk, and J. A. Havens, "Molecular Diffusion Effects on Entrainment in Wind Tunnel 
Studies of Dense Gas Dispersion," The Transactions of the Institution of Chemical Engineers, August 1996. 

Balk, J., H. L. Walker, T. O. Spicer, and J. A. Havens, "Measurement of Low Velocities in COdAir Mixtures 
using Hot Wire/Film Anemometry," The Transactions of the Institution of Chemical Engineers, May 1996. 

Spicer, T. O. and J. A. Havens, "Application of Dispersion Models to Flammable Cloud Analyses," Journal of 
Hazardous Materials, 49, 1996. 

Havens, J. A., T. O. Spicer, H. L. Walker, and Steve Wiersma, "The Effects of Structures on Large LNG 
Spills," 1998 Process Plant Safety Symposium, (" ~ber 1998. 

Havens, J. A., T.C Spicer, and H.L. Walker, ' 
Di,: ~' re) Tests Conducted by EPA at the DOE 
C. fence and Workshop on Modeling the ( 
S~ rancisco, California, September 1999. 

t*tion and Analysis of Atmospheric Dispersion (Carbon 
at Spills Center in Nevada" CCPS/14 '~ International 

tuences of Accidental Releases of Hazardous Materials, 

Havens, J. A., "Improvements in Rational Dispersion Modeling for Consequence Assessment," Mary Kay 
O'Connor Process Safety Center Symposium, College Station, Texas, October 1999. 

Havens, J. A., H. L. Walker, and T. O. Spicer, "Wind Tunnel Study of Air Entrainment Into 
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Two-Dimensional Dense Gas Plumes at the Chemical Hazards Research Center," Atmospheric Environment, 
35, 2001. 
Briggs, G. A., R. E. Britter, S. R. Hanna, J. A. Havens, A. G. Robins, and W. H. Synder, "Dense Gas Vertical 
Diffusion Over Rough Surfaces: Results of Wind-Tunnel Studies," Atmospheric Environment, 35, 2001 

Havens, J. A., and Tom Spicer, "LNG Shipping Safety and Plant Siting Fundamentals - Post 911 
(11 September 2001)," New Frontiers in LNG Shipping, Gas Technology Institute Annual Symposium, 
London, England, March 7 - 8, 2002. 

Spicer, Tom and Jerry Havens, "Modeling Aerosol Rainout," Mary Kay O'Connor Process Safety Center 
Symposium, College Station, Texas October, 2002. 

Spieer, T. O., J. A. Havens and D. Johnson, " Modeling the Initial Velocity of Aerosol Jets," Mary Kay 
O'Connor Process Safety Center Symposium, College Station, Texas, October 28, 2003. 

OTHER NATIONAL/INTERNATIONAL PRESENTATIONS AND PUBLICATIONS 

Havens, J. A., "Risks in Marine Bulk Transport of Liquefied Natural Gas," National Academy of Sciences, 
Washington, DC, February 1978. 

Havens, J. A., "Vapor Dispersion from Catastrophic LNG Spills onto Water," invited presentation, Illinois 
Institute of Technology, Chicago, lnlnols, February 1978. 

Havens, J. A., "Heavy Gas Dispersion Model Development," American Gas Association Gas Transmission 
Conference, Montreal, Canada, May 1978. 

Havens, J. A., "Atmospheric Dispersion of Flammable Gas Following Catastrophic LNG Spills on Water," 
Fifth International Sympo.~lum on Transport of Dangerous Goods by Sea and Inland Waterway, Hamburg, 
Germany, April 1978. 

Havens, J. A., "A Computational Evaluation of the SIGMET LNG Vapor Dispersion Model," Sixth 
International Symposium on Transport of Dangerous Goods by Sea and Inland Waterway, Tokyo, Japan, 
October 1980. 

Havens, J. A., "Heavy Gas Dispersion Model Development," invited presentation, Kanazawa University, 
Kanazawa, Japan, October 1980. 

Havens, J. A,  "Comparison of Heavy Gas Dispersion Models," Twelfth International Technical Meeting on 
Air Pollution Modeling and its Applications, Menlo Park, California, August 1981. 

Havens, J. A., "Heavy Gas Dispersion Model Development," invited presentation, yon Karman Institute, 
Rhode Saint Genese, Belgium, March 1982. 

Havens, J. A., "LNG Vapor Dispersion-A Review," invited presentation, Trondheim University, Trondheim, 
Norway, March 1982. 

Havens, J. A., "Review of Predictive Models for LNG Vapor Dispersion," GRI/MIT LNG Safety Research 
Workshop, Massachusetts Institute of Technology, Cambridge, Massachusetts, March 1982. 

Havens, J. A., "A Review of Mathematical Models for Heavy Gas Dispersion," invited presentation, 
Manchester University, Manchester, England, April 1982. 

Havens, J. A., "Risks of Accidental Flammable Gas Releases," OYEZ International Symposium on Risk 
Assessment, London, England, June 1982. 

Havens, J. A., "State of the Art in Heavy Gas Dispersion Modeling," invited lecture, Trans-Canada Pipeline 
Company, Toronto, Canada, May 1982. 

I 
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Havens, J. A., "Experimental Heavy Gas Dispersion Research," invited presentation, Oklahoma State 
University, Stillwatcr, Oklahoma, March 1983. 

Havens, J. A., "An Experimental Study of Gravity Spreading and Air Entrainment by Heavy Gas 
Instantaneously Released in a Calm Atmosphere," in~ , ,~  presentation, Delft University, Delft, ltolland, 
September 1983. 

Havens, J. A., "Heavy Gas Dispersion Research at the University of Arkansas," invited presentation, 
University of Tulsa, Tulsa, Oklahoma, March 1984. 

Spicer, T. O. and J. A. Havens, "Modeling the Thorney lsh r :¢ Trials," Symposium on the Thorney Island 
Phase 1 Trials, Sheffield, England, April 1984. 

Havens, J. A., et al., "Development and Experimental Verification of HACS Model for Chemical Spills in 
Waterways," Proceedings, 1984 Hazardous Materials Spills Conference, Nashville, Tennessee, April 1984. 

Havens, J. A., "Development of a Heavy Gas Dispersion Model for the U.S. Coast Guard Hazard Computer 
Systems," Third International Symposium on Heavy Gases and Risk Assessment, Bonn, Germany, November 
1984. 

Ilavens, J. A., "Heavy Gas Dispersion Modeling-Application to LNG/LPG Safety," sponsored by the 
Atmospheric Environment Services of Canada, Toronto, Canada, January 1985. 

Ilavens, J. A., "Atmospheric Dispersion of Heavy Gases: An Update," Third International Symposium on 
Risk Assessment in the Process Industries, University of Manchester, England, April 1985. 

Havens, J. A., "Review of Atmospheric Dispersion Models for Hazardous Heavy Gases," Symposium on 
Catastrophic Gas Releases, National Manufacturers Association, Washington, DC, June 1985. 

Havens, J. A., "Chemical Engineering Research in Ileavy Gas Dispersion," Proceedings, 75th Anniversary 
Symposium of the Arkansas Chemical Industries, 1985. 

Havens, J. A., "On the Rational Assessment of Chemical Hazards," Oxford Lecture Series, University of 
Arkansas, Fayettevllle, Arkansas, February 1986. 

Havens, J. A., "Heavy Gas Dispersion: An Overview," invited presentation, University of Oklahoma, 
Norman, Oklahoma, April 1986. 

Iiavens, J. A., Keynote address on dense gas dispersion nmdeb, Determination of Atmospheric Dilution for 
Emergency Preparedness (Joint EPA-DOE Technical Workshop), Research Triangle Park, North Carolina, 
October 1986. 

Havens, J. A., "Dense Gas Dispersion Modeling: An Overview," invited presentation, Institut fur 
Aerodynamik, Eidgenossicbe Technische Hochschule, Zurich, Switzerland, .May 1988. 

llavens, J. A., "Considerations for Dense Gas Dispersion Modeling," lectures, American Institute of Chemical 
Engineers/Center for Chemical Process Safety short courses, Princeton, New Jersey, October 1988, and 
Houston, Texas, March 1989. 

Havens, J. A., "Modeling Dense Gas Dispersion," invited presentation, Lop' ana State University, Baton 
Rouge, Louisiana, March ~ 989. 

Havens, J. A., "Dense Gas Dispersion Modeling," invited presentation, lndo-U.S.Workshop on Risk 
Assessment, New Delhi, India, December 1989. 

llavens, J. A., "An Overview of Dense Gas Dispersion Modeling at the University of Arkansas," invited 
presentation, Rotary Club, Fayetteville" Arkansas, January 1990. 
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Havens, J. A., "An Overview of Dense Gas Dispersion Modeling," American Risk Management workshop, 
Clearwater Beach, Florida, April 1990. 

Havens, J. A., AIChE/CCPS Continuing Education Short Course, "Atmospheric Dispersion Modeling," 
Chicago, Illinois, November 1990; Houston, Texas, April 1991; Pittsburgh, Pennsylvania, November 1991; 
New Orleans, Louisiana, April 1992. 

Havens, J. A., "Field Experimental Research on Dense Gas Dispersion," International Workshop on Hazard 
Assessment on Disaster Mitigation in Petroleum and Chemical Process Industries, Madras, India, December 
1990 (also in Journal of Hazardous Materials). 

Havens, J. A., T. O. Spicer, S. Khajehnajafl, and T. Williams, "Developments in Liquefied Natural Gas 
Dispersion Modeling," International Conference and Workshop on Mitigating the Consequences of 
Accidental Releases of Hazardous Materials, New Orleans, Louisiana, May 1991. 

Havens, J .  A . ,  "Methods for Dense Gas Dispersion Modeling," Fourth Symposium on Heavy Gases, Bonn, 
Germany, September 1991. 

Havens, J. A. and H. L. Walker, "A New Push-Through Ultra-Low Speed Boundary Layer Wind Tunnel," 
5th EURASAP International Workshop on Wind and Water Tunnel Modelling of Atmospheric Flow and 
Dispersion, Stevenage, England, October 1991. 

Havens, J. A., "Dense Gas Dispersion Modeling and the DEGADIS ModeL" invited guest speaker, AIIE 
training seminars, Richland, Washington, January 1992 and New Orleans, Louisiana, April 1992. 

Havens, J. A,  "Dense Gas Dispersion Research at the University of Arkansas," invited presentation, AIChE 
local chapter meeting, El Dorado, Arkansas, April 1992. 

Havens, J. A. and B. Bauer, "Modeling Dense Gas Releases at Gaz de France," poster session presentation at 
LNG-10, Kuala Lumpur, Malaysia, May 1992. 

Havens, J. A., "DEGADIS and Dense Gas Dispersion Modding: Future Emphases," invited guest speaker, US 
DOE/EPA Science Advisory Board Committee conference, Washington, DC, July 1992. 

Havens, J. A., "Dense Gas Dispersion Modeling Research at the University of Arkansas," invited guest 
speaker, CentraGas conference, Toronto, Ontario, Canada, October 1992. 

Havens, J. A., "Dense Gas Dispersion Modeling with DEGADIS," invited guest speaker, NOAA/CAMEO 
meeting, Chicago, Illinois, January 1993. 

Havens, J. A., "Dense Gas Dispersion Research in the U.S.," invited presentation, international conference 
Problem Clouds H, Amsterdam, The Netherlands, April 1993. 

Havens, J. A., "The Role of Dispersion Models in Emergency Response and Community Notification," invited 
presentation, American Industrial Hygiene Conference and Exposition, New Orleans, Louisiana, May 1993. 

Havens, J. A., "The Use of the DEGADIS Model for Use in Canadian Gas Industries," invited presentation, 
meeting of Canadian Gas Users' Group, Vancouver, British Columbia, Canada, May 1993. 

Havens, J. A. and H. L. Walker, "A Research Program to Provide Wind-Tunnel Data Sets for the Validation 
of Mathematical Models for Dense Gas Dispersion in the Presence of Obstades," 6th EURASAP 

International Workshop on Wind and Water Tunnel Modelling of Atmospheric Flow and Dispersion, Aso, 
Kumamoto, Japan, August 1993. 

Havens, J. A., "Dense Gas Dispersion Research in the U.S.," 2nd Conference for European Research in 
Industrial Fires, Cadarache, France, May 1994. 

Ill 
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Spicer, T. O. and J. A. Havens, "Application of Dispersion Models to Flammable Cloud Analyses," 6th 
Annual PetroSafe, Houston, Texas, February 1995. 

Walker, H. L., T. O. Spicer, and J. A. Havens, live, on-site presentation of wind tunnel research facility, t'X 
network "Breakfast Time," (nationally televised feature program), March 1995. 

Havens, J. A., T.O. Spicer, H. L. Walker, and T. Williams, "Validation of Mathematical Models using 
Wind-Tunnel Data Sets for Dense Gas Dispersion in the Presence of Obstacles," 8th International Symposium 
on Loss Prevention and Safety Promotion in the Process Industries, Antwerp, Belgium, June 1995. 

Havens, J. A., T.O.  Splcer, H. L. Walker, and T. Williams, "LNG Vapor Dispersion Experiments for 
Complex Mathematical Model Evaluation," poster session presentation, LNG-11, Birmingham, England, July 
1995. 

Havens, J. A., T. O. Splcer, H. L. Walker, and T. Williams, "Regulatory Application of Wind Tunnel Models 
and Complex Mathematical Models for Simulating Atmospheric Dispersion of LNG Vapor," International 
Conference and Workshop on Modeling and Mitigating the Consequences of Accidental Releases of 
Hazardous Materials, New Orleans, Louisiana, September 1995. 

Havens, J. A., "Atmospheric Dispersion of Ammonia Clouds," invited presentation, Ammonia Safety Summit, 
Ammonia Safety and Training Institute, Watsonvine, California, October 8, i 998. 

Havens, J. A., " Improvements in Rational Dispersion Modeling for Consequence Assessment," ELrROMECH 
Colloquium 391, Prague, The Czech Republic, September 1999 

Wiersma, S., J. A. Havens, and T.O. Spleer, "LNG Facility Siting Requirements for Determining Dispersion 
Distances," LNG Conference, Greensboro, North Carolina, May 22-26, 2000. 

Havens, J. A., "LNG Facility Siting Requirements for Determining Dispersion Distances," invited 
presentation, American Gas Association LNG Workshop, Atlanta, Georgia, May 2000. 

Havens, J. A., "LNG Safety and Plant Siting Fundamentals," invited presentation, Institute of Gas 
Technology, Boston, Massachusetts, September 25, 2000. 

Havens, J. A., invited presentation Lindsey Lecture Series, Texas A&M University, College Station, Texas, 
March 9, 2001. 

Havens, J. A ,  "New Chemical Engineering Challenges Post 9/11," invited presentation R. N. Maddox 
Distinguished Lecture Series, University of Arkansas, Fayettevllle, Arkansas, April 11, 2003. 

Havens, Jerry, "Terrorism: Ready to blow?", Bulletin of the Atomic Scientists, vol. 59, no. 4, 
July/August 2003. 

Havens, J., T. Spieer and %V. Sbeppard, "Wind Tunnel Validation of the FEM3A CFD Model," invited 
presentation, International Workshop on Physical Modelling of Flew and Dispersion Phenomena, 
PHYSMOD 2003, Prato, Italy, September 3-5, 2003. 

Havens, Jerry, "LNG: Safety in science", Bulletin of the Atomic Scientists, vol. 60, no. 1, 
January/February 2004. 
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FOREWORD 

This review of mathematical models which have been used 

to predict the downwind travel of flammable gas mixtures in 

the event of a catastrophic spill of liquefied natural gas 

onto water was undertaken while the author was on sabbatical 

leave from the Department of Chemical Engineering, University 

of Arkansas, serving as Technical Advisor, Cargo and 

Hazardous Materials Division, Office of Merchant Marine Safety, 

U.S. Coast Guard Headquarters, Washington, D.C. 

The motivation for this review resulted from two needs 

of the Coast Guard: 

i. The Coast Guard is actively developing, through 

contract research and in-house efforts, techniques for 

the assessment of hazards associated with the marine 

transportation of chemicals. A significant part of the 

hazardous nature of some chemicals shipped by water 

relates to fire and explosion behavior. The increasingly 

routine marine carriage of volatile flammable liquids 

and liquefied flammable gases in large quantities carries 

with it the risk of fire and explosion phenomena result- 

ing from formation of large flammable vapor clouds in 

the event of an accident. The assessment of such risks 

and the development of emergency response pre-edures 

requires a methodology for predicting the extent and 

nature of flammable cloud formation in a variety of 

possible accident scenarios. Thus the Coast Guard has 

i 
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a a general need for accurate vapor dispersion models. 
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2. The proposed large scale importation of liquefied 

natural gas (LNG) into the United States is the subject 

of intense argument, particularly in relation to the 

assessment of risk to the public from accidental release 

of LNG as a result of ship collision. In the event of 

a catastrophic release it is considered highly likely 

that an immediate fire would ensue. However, in the 

event that ignition did not occur immediately, an LNG 

vapor cloud would form over and downwind of the spill 

site. Wide disagreement regarding the extent of travel 

(and the accompanying possible public exposure) of the 

flammable portion of such a cloud has contributed to an 

apparently growing concern regarding the risks associated 

with LNG importation. The Coast Guard is responsible for 

regulating the movement of LNG by water in the United 

States and thus has a specific interest in the development 

of accurate LNG vapor dispersion models. There appeared 

to be a need for a review and assessment of vapor disper- 

sion predictability by someone not immediately involved 

in LNG safety related research. 

Since the Coast Guard's primary interest is in LNG spills 

on water, this review was immediately restricted. Several models 

for LNG vapor dispersion which have been used primarily for 

analyzing vapor dispersion from land spills are essentially 

ii 
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identical to those reviewed herein. However, if they had 

not been used as a basis for published ~redictions of vapor 

dispersion from LNG spills on water they were not included. 

Furthermore, the scope of this review was limited to the 

predl, cability of dispersion from very large LNG spill on 

water. No consideration was given to site-specific factors 

which may have an important bearing on the assessment of 

downwind flammable cloud travel, such as topographical features 

and structures. Likewise, no consideration was given to the 

specific applicability of weather conditions, since this would 

depend on the site involved as well as the traffic control 

measures which are imposed. For example, if LNG ship movement 

is restricted to daylight hours, the probability of a very 

large spill during stable or inversion conditions may be 

remote for some ports. My intent was to review published models 

used to predict downwind %ravel for a very large spill (25,000 

and to identify and explain the differences in those models. 

I have also offered recommendations for future work based on 

the assessment of the models reviewed. There may also be other 

models proposed for the prediction of vapor dispersion from 

LNG spills on water which I have overlooked. If this is the 

case, such omission is due only to my time constraints for 

reviewing the literature. 

This work could not have been completed without the 

excellent cooperation received from all of the parties whose 

Work was reviewed. At my request, all of the groups clarified 

iii 
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own product. 

I The reader 

a 

O 

I 

Q 

O 

e 

Q 

t 

I had based on my review of the published 

group (Cabot Corporation) provided a computer 

required to make predictions utilizing their 

if errors appear in the review they are my 

should be aware that the presentation of 

these models gives no insight into 

in which they might be viewed. 

cited in this report indicates 

"development" process involved 

the historical perspective 

A close look at the literature 

that there was indeed a 

in the formulation of these 

models for LNG vapor dispersion. It is not surprising that 

the models which are recommended for further use and evaluation 

are in a real sense the product of efforts to modify or build 

on the efforts of the earlier investigators in the field. 

In order to insure accuracy of description and inter- 

pretation of the models reviewed herein, a draft of this report 

was sent to all parties whose work is discussed with a request 

that they examine the description of their model for technical 

and interpretive accuracy. Comments were received from all of 

the groups and were carefully considered in the preparation of 

the final report. Corrections and revisions of the draft 

report were made in several instances as a result of the 

comments received. For the sake of completeness, the comments 

on the draft report are appended. 

I 
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III. EXECUTIVE SUMMARY 

A number of predictions of LNG vapor cloud formation and 

dispersion which might result from a catastrophic LNG spill 

onto water have been published. The predictions of the 

following groups have been repeatedly cited in the literature 

related to safety of marine LNG transportation: 

I. U.S. Bureau of Mines - Burgess et al. (i, 2) 

2. American Petroleum Institute - Feldbauer et al. (3) 

3. Cabot Corporation - Germeles and Drake (4) 

4. U.S. Coast Guard CHRIS (Chemical Hazard Response 

Information System) - Arthur D. Little, Inc. (5) 

5. Professor James Fay, Massachusetts Institute of 

Technology (6) 

6. Federal Power Commission (7) 

7. Science Applications, Inc. (8) 

Order of magnitude differences in the predictions,based on 

these models, of the extent of flammable vapor/air mixtures 

following a catastrophic spill are significant in the overall 

assessment of the potential risk of marine transportation of 

LNG. 

The purpose of this study is fivefold: 

i. To provide a detailed description of the mathematical 

models upon which published predictions of LNG vapor travel 

downwind of catastrophic LNG spills onto water have been 

based. 
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2. TO estimate, using these models, the maximum downwind 

travel of flammable LNG vapor/alr mixtures for a "standard" 

spill scenario, so that a valid comparison can be made of 

the results obtained when the different models are used to 

describe the same event. 

3. To identify the reason for differences in predictions 

which occur when the models are used to describe the same 

event, and to assess the technical credibility of the 

methodology which results in such differences. 

4. To define the present "state of the art" in predicta- 

bility of LNG vapor dispersion from catastrophic spills 

onto water, with emphasis on the extent to which the 

present state of the art justifies reliance on existing 

published predictions in formulating LNG safety management 

programs. 

5. To provide recommendations for further work which 

would increase confidence in the predictability of vapor 

dispersion from catastrophic LNG spills onto water. 

The models used by the groups cited above for prediction 

of vapor cloud formation and dispersion can be categorized as 

follows: 

i. Predictions which utilize classical air pollutant 

dispersion models which were developed to describe relative- 

ly near-field dispersion of neutrally buoyant materials. 

These models are based on the general observation that the 

concentration profiles downwind of a pol!utant source can 

m 8 
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be represented by a Gaussian or Normal distribution. 

This model type is subdivided to describe two different 

dispersion phenomena. 

a. Dispersion of an essentially instantaneous 

release of a 2ollutant into the atmosphere, the 

dispersion being associated with the growth of this 

instantaneously released =puff", or cloud, as it 

is being translated by the wind. The predictions 

due to Fay, Germeles and Drake~and CHRIS utilize 

this type of model. 

b. Dispersion of mat :ial which is being emitted 

at a continuous steady rate forming a "plume" down- 

wind of the emission source. The predictions of 

Burgess, Feldbauer, a the FPC utilize this type 

of model. 

2. P~edictions based on solution of the combined mass 

momentum and energy balance equations. (The classical air 

pollutant dispersion equations of category 1 above are a 

special case where energy effects and momentum effects are 

tot considered). The SAI predictions utilize this type 

of model. 

The "standard scenario = LNG spill which is assumed in this 

report for purposes of comparison of the above models is an 

instantaneous release of 25,000 cubic meters of LNG onto water. 

It is considered that such an event provides a conservative 

upper limit on the severity of a 9Dill which might conceivably 

occur. 
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Table III-I shows the maximum downwind distance to the 

time-average 5% vapor concentration level following an instan- 

taneous 25,000 cubic meter spill as predicted by the models 

suggested by the seven groups above. The distances, with 

the exception of the estimate attributed to SAI, were computed 

by the author using the procedure suggested by the investigating 

groups cited. The corresponding distance for SAI's model could 

not be computed due to the proprietary nature of the SAI com- 

puter model. Table III-i therefore includes, for comparison, 

the distance predicted by SAI for a 37,000 cubic meter spill as 

described in their risk assessment study prepared for the Western 

LNG Terminal Company (8). In reviewing Table III-l, it should 

be noted that the meteorological conditions suggested as 

applicable by the groups are not necessarily the worst that 

might have been assumed. Specifically, 

i. The 0.75 mile distance obtained with the FPC model 

reflects the assumption of neutral atmospheric stability 

values (Pasquill D), as recommended by the FPC staff. 

g 

i 

g 

i 

2. The 5.2 mile distance obtained with the American 

Petroleum Institute Model assumes vertical dispersion 

characterized as Singer and Smith D and horizontal 

dispersion characterized as Pasquill C, following the 

procedure suggested by Feldbauer (3). 

3. The SAI prediction assumes neutral atmospheric 

stability; however the result is claimed to be essentially 

I 
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TABLE III-i 

MAXIMUM DOWNWIND DISTANCE TO TIME JERAGE 5% 
CONCENTRATION LEVEL FOLLOW~3G 25,000 M3 
INSTANTANEOUS SPILL OF LNG ONTO WATER 

(Assumes 5 MPH Wind except as noted and Meteorolouical 
Conditions Considered Applicable by Investigating Groups) 

Model Distance (MILES) 

U. S. Bureau of Mines (1,2) 25.2 - 50.3" 

American Petroleum Institute (3) 5.2 

Cabot Corporation (4) 11.5 

U. S. Coast Guard CHRIS (5) 16.3"* 

Professor James Fay (6) 17.4"* 

Federal Power Commission (7) 0.75 

Science Applications, Inc. (8) 1.2"** 

A range was presented to indicate uncertainty in vapor 
evolution rate 

Wind velocity not considered explicitly in model 

For 37,500 cubic meter instantaneous release, wind velocity = 
6.7 MPH 

11 
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the same when stable atmospheric conditions are 

assumed. The SAI model also gives longer downwind 

travel distances when ~ wind velocities are 

m 
assumed, in contrast to the other models. 

i 

m 

m 

4. The predictions obtained using the Bureau Gf 

Mines (Burgess) model, the CHRIS model, Fay's model, 

and the Cabot (Germeles and Drake) model assume 

stable atmospheric conditions. 

g 

g 

I 

L 

i i 

The variation in the predictions shown in Table III-i 

is significant in assessing the potential hazard associated 

with a large accidental release of LNG on water if the 

release should occur without immediate ignition of t~e flam- 

mable vapor mixture at the spill site. The probability of 

the cloud reaching the maximum distance 

concentration just persists is, however, 

low due to the anticipated contact with 

at which a 5% 

considered very 

ignition sources 

which would develop as a result of frictional heating 

accompanying such catastrophic accidents. Even if the cloud 

were not ignited at the spill site it is unlikely that the 

cloud would travel over populated areas, to the extent pre- 

dicted by the models in Table III-l, without being ignited. 

Nevertheless, the predictability of vapor dispersion from a 

12 
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catastrophic release of LNG onto water does have a bearing 

on the routing and traffic control of vessels as well as 

for emergency response considerations. Furthermore, a 

reasonably accurate prediction of the dispersion process is 

required for a characterization of cloud burning and to 

assess potential damage which might result from explosions 

of vapor/air mixtures, if such explosions are possible. 

Although the experience to date indicates that detonation 

of unconfined LNG vapor/air mixtures is not likely, a good 

method of vapor dispersion prediction would be valuable in 

attempts to understand the circumstances under which 

detonations of vapor/air mixtures might be expected, such 

as partial confinement and high energy initiation. 

Analysis of the models and the results predicted for 

dispersion from a 25,000 cubic meter instantaneous spill 

indicate that all of the variation in results shown in Table 

III-i for the classical air pollutant dispersion models can 

be attributed to four factors. 

i. The methods used to estimate the rate at which 

the vapor enters the atmosphere from the liquid LNG 

pool results in estimates thereof ranging from 1.43 x 

105 ft3/sec (FPC) to 2.0 x 106 ft3/sec (at atmospheric 

The Coast Guard is presently sponsoring a test program at 
the Naval Weapons Center, China Lake, CA., to determine the 
burning characteristics of large vapor clouds (39). 
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pressure, 70°F) (Burgess). This factor is primarily 

responsible for the very short distance predicted by 

the FPC. 

2. Four of the classical models incorporate effects 

associated with the gravity induced spreading of the cold 

LNG vapors (FPC, Feldbauer, Fay, Germeles, and Drake); 

two do not (Burgess, CHRIS). Those models which do 

incorporate such effects assume a sequential process; 

spill-pure vapor cloud formation - gravity spread with or 

without air entrainment - dispersion by atmospheric 

turbulence. The specific method of treatment differs 

widely, and the resulting differences are reflected in 

the varied predictions 

Table III-1. 

3. Some of the models 

of downwind distance shown in 

(Feldbauer, CHRIS, FPC, 

Germeles and Drake) incorporate corrections for the 

area nature of the source (the classical equations 

used in all of the models are derived for a point 

source emission), while others do not (Burgess, Fay). 

The method of treatment of the area nature of the source 

appears relatively unimportant to the final differences 

in results, except for Feldbauer's model, whose result 

is strongly influenced. 

4. The predictions do not all assume the same atmos- 

pheric stability categories. Atmospheric stability 

14 
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considered applicable for such a prediction varies from 

neutral to very stable, with a strong effect on the 

results. 

The following conclusions are drawn: 

i. This review and comparison of published predictions of 

the downwind travel of flammable gas-air mixtures following 

the instantaneous release of 25,000 cubic meters of LNG 

onto water identifies the sensitivity of such predictions 

to the following factors. 

a. Characterization of atmospheric turbulence 

(stability) 

b. Allowances for area-source effects 

c. Specification of vapor release rate 

d. Allowances for gravity spread/air entrainment 

effects 

2. The shortest distance to the time average 5% concentra- 

tion level for a 25,000 cubic meter instantaneous spill 

predicted by the models reviewed herein is 0.75 miles. 

This distance, predicted by the FPC model, results 

primarily from the use of an unrealistically low vapor 

release rate and the use of neutral atmosphere stability 

characteristics. The FPC estimate, in the author's opinion, 

is not justified. 
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3. At the other extreme, distances of the order of tens 

of miles are predicted for a 25,000 cubic meter instantaneous 

spill under stable weather conditions using continuous plume 

models (Burgess) which do not account for any heat transfer 

or momentum transfer effects. Such estimates are not 

justified in this author's opinion. 

m 

m 

m 

m 

m 

I 

m 

m 

m 

m 

m 

m 

i 

a 

4. Intermediate distances to the 5% concentration level 

are predicted for a 25,000 cubic'meter spill during stable 

weather conditions by Germeles and Drake (11.5 miles), 

Fay (17.4 miles) and the CHRIS model (16.3 miles). The 

difference in predicted downwind distances obtained with 

the CHRIS and Germeles-Drake models can be attributed 

primarily to the inclusion 0f gravity spread/air entrainment 

effects in the Germeles and Drake Model. The rough agree- 

ment of these two predictions with the value of 17.4 miles 

predicted by Fay must be considered fortuitous since the 

modeling process assumed by Fay is quite different from 

the other two. Professor Fay now believes (42) that his 

model should be used with different assumptions than 

originally described by Lewis and Fay, in which case sub- 

stantially longer distances result. In the author's opinion, 

the model of Germeles and Drake provides a more plausible 

estimate of the LNG dispersion process following a large 

rapid spill than the Fay or CHRIS models, since the model 

incorporates a rational, if simplified, description of an 

anticipated gravity spread phase. Further effort to 

16 
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'. ( 

improve this type model as an alternative to a more 

complex numerical procedure has merit, particularly for 

routine usage where time and expense constraints are 

important. 

5. The estimate, using Feldbauer's model, of 5.2 miles 

for the downwind distance to the 5% concentration level 

following a 25,000 cubic meter spill can be attributed 

to the predicted dilution and corresponding extreme 

! 

! 

width (~2 miles) of the cloud at the end of the gravity 

spread phase. Feldbauer's allowance for air entrainment 

during the gravity spread, which involves the assumption 

of a constant cloud depth, is based on observations of 

small spills (i0 M 3) and the extension to very large spills 

appears uncertain. Further, representation of the cloud 

at the end of the gravity spread phase as a series of 

dispersed point sources on a line perpendicular to the 

direction of cloud travel is not realistic in view of the 

resulting predict/on of shorter distances with increasing 

atmospheric stability. 

The primary reason for the even shorter downwind 

(~i mile) to the 5% concentration level predicted 

by SAI for an even larger (37,500 cubic meters) spill 

i~appears to be the predicted highly turbulent motion and 

~@ssoclated air entrainment induced during the gravity 

spread phase of the cloud. 
i 

i:,7. i n  t h e  a u t h o r ' s  o p i n i o n ,  t h e  p r e d i c t e d  maximum d i s t a n c e s  
i F . 

of about 5 miles by Feldbauer and about i mile by SAI for 

17 
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i 

flammable cloud travel following instantaneous release 

of 25,000 cubic meters of LNG onto water cannot be 

rationalized on the basis of any argument thus far advanced 

except that of gravity spread/air entrainment effects, and 

experimental verification of these effects has not been 

adequately demonstrated. 

i 

m 

h 

b 

m 

b 

b 

b 

8. It was not possible within the limits imposed by this 

review to evaluate the accuracy of the predictions publ~shed 

by SAI. Rather, the author has reviewed the methodology 

described by SAI and believes that such techniques hold 

the most promise for accurate prediction of vapor disper- 

sion from catastrophic spills on water. A program designed 

to evaluate the accuracy of the SAI model or bther models 

of similar generality should now be considered high priority. 

The Recommendations section of this report addresses this 

need. 

The following recommendations are made: 

i. The Science Applications, Inc. (SAI) LNG vapor disper- 

sion model should be more thoroughly evaluated. This will 

require the cooperation of SAI due to the proprietary 

nature of their computer programs which are required for 

solution of the model equations. Further evaluation of 

the SAI model, or other similar models based on simultaneous 

solution of the mass, momentum and energy balance equations 

which may become available, should address the following 

requirements: 

18 
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a. The methodology of describing turbulent mass, 

momentum and energy transfer should be critically 

evaluated. A literature search should be conducted 

to identify and evaluate experimental data supporting 

the assumption of first-order (eddy diffusivity, 

thermal conductivity and viscosity) turbulent transfer 

phenomenological relationships for describing turbulent 

transfer in the lower atmosphere. 

b. An error analysis should be done to provide some 

means for estimating the confidence level in the 

technique used to assign numerical values to the 

turbulent transfer coefficients. 

c° Sufficient calculations should be made with the 

model to determine the sensitivity of the results 

predicted by the model to uncertainties in the transfer 

coefficients identified in b. above. 

d. An analysis should also be made of the liquid 

spread, vapor generation, and heat transfer models used 

in the specification of the boundary conditions to 

determine the sensitivity of the model predictions. 

e. The numerical stability and accuracy of the 

algorithm used for computer solution of the equations 

should be critically evaluated. 

2. A series of computations should be made, using the 

SAI model, of the downwind distance to the time average 

5% concentration level for "instantaneous" LNG spills as 

19 
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a function of spill size. The range of spill sizes should 

be from i0 cubic meters to 25,000 cubic meters with 

sufficient points between to adequately characterize the 

predicted relationship between flammable cloud travel and 

spill size. 

3. The result of 2 above should be compared with a 

similarly prepared relationship between flammable cloud 

travel and spill size predicted using the Germeles and 

Drake model described in this report. It is anticipated 

that the results will be in substantial agreement for very 

small spill sizes but the comparison should indicate the 

smallest spill sizes for which significant differences 

appear in predicted downwind distance. Such a comparison 

should also provide guidance for determining a lower bound 

on the size of experimental spills which may be required 

to assess large spill behavior. 

4. In anticipation of experimental spills which may be 

required to provide confidence in predictions of large spill 

behavior, an evaluation should be made of the experimental 

data requirements associated with verification of model 

predictions. 

5. Additional experimental spills should be performed 

only after completion of the program outlined above, and 

such spills should be performed for the purpose of model 

evaluation. Large "demonstration spills" have been 

20 
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suggested recently, largely as a result of the variation 

in predictions which has been the subject of this report. 

It is the opinion of this author that validation of models 

should still be the primary goal of further test programs; 

"demonstration" of the effects of large spills without 

heavy reliance on models should be avoided. 

I 

21 
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b IV. INTRODUCTION 

b 

b 

b 

m 

b 

A number of predictions of LNG vapor cloud formation ~:na 

dispersion which might result from a catastrophic LNG spil~ 

onto water have been published. Order of magnitude dlffer~aces 

in these predictions of the area adjacent to the spill which could 

be exposed to flammable LNG vapor/air mixtures are significant 

in the overall assessment of the potential risk of marine trans- 

portation of LNG. 

with respect to LNG spills onto water, the prediction~ of 

the following groups have been repeatedly cited in the lit~zature 

related to safety of marine LNG transportation: 

i. U. S. Bureau of Mines - Burgess et al. (i, 2) 

2. American Petroleum Institute - Feldhauer et al. 

3. Cabot Corporation - Germeles and Drake (4) 

4. U. S. Coast Guard CHRIS (Chemical Hazard Response 

Information System ) - Arthur D. Little, Inc. (5) 

5. Professor James Fay, Massachusetts Institute of 

Technology (6) 

Federal Power Commission (7) 

Science Applications, Inc. (8) 

(3) 

. 

7. 

Other groups have published information related to vapor 

dispersion from LNG spills onto water (9, 10, ii). However, 

these studies have not resulted in predictions of downwind 

travel of flammable gas mixtures to be expected in large acci- 

dent Scenarios and were therefore not reviewed in this report. 

L 
LI 
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In addition, numerous studies have been made concerning the 

dispersion of vapor clouds from LNG spills on land. For an 

extensive citation of such work, the reader is referred to 

U. S. Coast Guard document CG-478, "Liquefied Natural Gas - 

Views and Practices - Policy and Safety", 1 February 1976, 

available from the Cargo and Hazardous Materials Division 

(G-MHM/83), U. S. Coast Guard, Washington, D.C., 20590. 

Table IV-I shows the maximum downwind distance to 

the time-average 5% vapor concentration level following an 

instantaneous 25,000 cubic meter spill as predicted by the 

models suggested by the seven groups above. The distances, 

with the exception of the estimate attributed to SAI, were 

computed by the author using the procedure suggested by the 

investigating groups cited. The corresponding distance for 

SAI's model could not be computed due to the proprietary 

nature of the SAI computer model. Table IV-I therefore 

includes, for comparison, the distance predicted by SAI for 

a 37,000 cubic meter spill as described in their risk assess- 

ment study prepared for the Western LNG Terminal Company (8). 

In reviewing Table IV-l, it should be noted that the 

meteorological conditions suggested as applicable by the 

groups are not necessarily the worst that might have been 

assumed. Specifically, 

i. The 0.75 mile distance obtalned with the FPC model 

reflects the assumption of neutral atmospheric stability 

values (Pasquill D), as recommended by the FPC staff. 

J 

a 
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I 

h 
TABLE IV-I 

i 

m 

MAXIMUM DOWNWYND DISTANCE TO TIME-AVERAGE 5% CONCENTRATION 
LEVEL FOLLOWING 25,000 M 3 INSTANTANEOUS SPILL OF LNG ONTO 
WATER (Assumes 5 MPH Wind except as noted and Meteorological 
Conditions Considered Applicable by Investigating Groups) 

i 

I 

m 

i 

MODEL DISTANCE (MILRS~ 

U. S. Bureau of Mines (I, 2) 25.2 - 50.3* 

American Petroleum Institute (3) 5.2 

Cabot Corporation (4) 11.5 

U. S. Coast Guard CHRIS (5) 16.3"* 

Professor James Fay (6) 17.4"* 

Federal Power Commission (7) 0.75 

Science Applications, Inc. (8) 1.2"** 

i 

b 

F 

T 

p 

i 

h 

* A range was presented to indicate uncertainty in vapor 
evolution rate 

** Wind velocity not considered explicitly in model 

*** For 37,500 cubic meter instantaneous release, wind 
velocity = 6.7 MPH 

m 

i 

m 
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r" 

2. The 5.2 mile distance obtained with the American 

Petroleum Institute Model assumes vertical dispersion 

characterized as Singer and Smith D and horizontal 

dispersion characterized as Pasquill C, following the 

procedure suggested by Feldbauer (3). 

3. The SAI prediction assumes neutral atmospheric 

stability; however the result is claimed to be essentially 

the same when stable atmospheric conditions are assumed. 

The SAI model also gives longer downwind travel distances 

when higher wind velocities are assumed in contrast to 

the other models. 

4. The predictions obtained using the Bureau of Mines 

(Burgess) model, the CHRIS model, Fay's model, and the 

Cabot (Germeles and Drake) model assume stable atmos- 

pheric conditions. 

The results shown in Table IV-I are specifically for a 

25,000 cubic meter instantaneous spill (except as noted for 

Sciences Applications, Inc.). These predictions do not 

consider the possibility that flammable concentrations of 

vapor might exist at greater distances, since the 5% level 

used for the calculation must be considered a time-average 

concentration. Nevertheless, the variation shown reasonably 

characterizes the extreme range of predicted results which 

is the basis for the present controversy regarding the assess- 

ment of the vapor cloud hazard from LNG spills. 
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The variation in these predictions is significant in 

assessing the potential hazard associated with a large 

accidental release of LNG on water if the release should 

occur without immediate ignition of the flammable vapor 

mixture at the accident site. The sudden release of large 

amounts of LNG onto water is practically realizable only as 

a result of a high energy collision. Immediate ignition is 

considered extremely likely if such a collision should occur, 

because of the frictional heating anticipated with such a 

collision and ignition sources which would result from 

damaged equipment. If ignition of the vapors does not occur 

at the spill site, formation of a large vapor cloud also 

presupposes the virtual absence of ignition sources in the 

area close to where the cloud is being formed. For these 

reasons, an accident scenario which assumes formation of a 

vapor cloud extending over large populated areas before 

ignition is extremely unlikely, even if formation of such 

clouds might occur in the absence of ignition. 

However, the predictability of dispersion of vapors from 

accidental, catastrophic release of LNG does have a bearing on 

the safety related management of LNG vessel traffic, as it does 

on the management of other hazardous cargoes. This is true 

because the zone around an accident which might be subjected 

to flammable vapor concentrations resulting fron non-ignited 

spills (however remote the probability) has an effect on the 

routing and traffic control of vessels and would influence 

emergency response procedures. Furthermore, although it appears 
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extremely unlikely that large populated areas could be exposed 

to a flammable vapor cloud, 

advancing front of the cloud reaches 

to predict dispersion is required to 

would result from an early ignition. 

since ignition is likely when the 

such areas, the ability 

assess the damage which 

This is true for two 

reasons. First, the burning of a flammable cloud cannot be 

adequately predicted without knowledge of the composition 

of the cloud. Second, an ability to predict vapor dispersion 

is required to assess potential damage which might result from 

detonations of vapor-air mixtures. Although the experience to 

date indicates that detonation of unconfined LNG vapor-air 

mixtures is not likely, a good method of vapor dispersion pre- 

diction would be valuable in attempts to understand the 

c rcumstances under which LNG vapor-alr (or a variety of other 

fuels and chemicals) detonations might be expected, such as 

partial confinement and high energy initiation. 

I 

I 

I 
The purpose of this study is fivefold: 

I. To provide a detailed description of the mathematical 

models upon which publishe& predictions of LNG vapor travel 

! 

I 
downwind of catastrophic LNG spills onto water have been 

based. I 
2. To estimate, using these models, the maximum downwind 

travel of flammable LNG vapor-air mixtures for a "standard" 

spill scenario, so that a valid comparison can be made of 

I 

I 
the results obtained when the different models are used to 

describe the same event. I 
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3. TO identify the reason for differences in predictions 

which occur when the different models are used to describe 

the same event, and to assess the technical credibility 

of the methodology which results in such differences. 

4. To define the present "state of the art" in LNG vapor 

dispersion modeling, with particular emphasis on the extent 

to which the present state of the art justifies reliance 

on existing published predictions in formulating LNG safety 

management programs. 

5. To provide recommendations for further work which would 

increase confidence in the predictability of vapor dis- 

persion from LNG (and other volatile chemicals) accidentally 

spilled on water. 

The "standard scenario" LNG spill which is assumed in this 

report for purposes of comparison of the above models is an 

instantaneous release of 25,000 cubic meters of LNG onto water. 

25,000 cubic meters is representative of the largest single-tank 

capacity of ships constructed to date or on order. Although 

as many as six tanks may be incorporated into an LNG ship, 

an accident resulting in simultaneous rupture of more than two 

tanks is not considered credible. In the event of simultaneous 

rupture of two tanks, instantaneous release from both tanks is not 

considered credible. The vapor travel following instantaneous 

release of 25,000 cubic meters would be expected to be even more 

extensive than would be expected from the actual releas__~e of LNG 

following simultaneous rupture of two 25,000 cubic meter tanks. 

Thus, the instantaneous release of 25,000 cubic meters of LNG 

b 

b 
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on water provides a conservative upper limit on the size of a 

spill which might conceivably occur, even though such a spill 

is considered extremely unlikely. 

29 
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V. BASIS FOR LNG VAPOR DISPERSION MODELS 

A number of different predictions of LNG vapor cloud 

formation and dispersion resulting from an accidental LNG 

spill onto water have been published. Although the pre- 

dictions reflect wide disagreement by the parties involved 

as to the extent of hazard associated with downwind travel 

of flammable gas-air mixtures, it is important to realize 

that all of the mathematical models that have been used to 

make such predictions have a common basis. It is therefore 

expedient to provide the necessary physical and mathematical 

basis which is con~on to all models to be discussed. 

g 

a 

el 

g 

V-A. PHYSICAL PROCESSES INVOLVED IN LNG VAPOR DISPERSION 

LNG vapor dispersion in the atmosphere involves the 

mixing with air of a gas which is much colder and denser than 

air. A valid description of the process should account for 

the following processes, which may occur simultaneously: 

i. Heat transfer effects due to mixing the cold gas, 

formed from the boiling LNG, with warmer air (which may con- 

tain water vapor), and heat transfer from beneath the cloud 

(ground or water). 

2. Gravity-induced spreading effects resulting from 

non-uniform density. 

3. Dispersion (dilution with air) of the gas due to 

turbulent fluid motion. 
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The heat transfer and gravity spreading effects can be 

described in mathematical equation form by application of 

the principles of accountability of energy and accountability 

of momentum. The concentration variations in the LNG 

vapor/air mixture can be described in mathematical equation 

form by application of the principle of accountability of 

mass. The general equations of accountability of energy, 

momentum, and mass are, respectively: 

Accountability of Energy 

apH = -V'oH -V- + DP - T:Vv (V-l) 
at Dt 

l _ _ J  L i I I 

I II llI 

Accountability of Momentum* 

apv = -V.pvv -V.~ + og 
at 

i i L____J 
I II III 

(V-2) 

Accountability of Mass** 

a_E0 ÷ 
at = -v-0v (total mass) 

(V-3a) 

ac 
a-~ = "v.c~ (methane 

I II 

or LNG component) (V-3b) 

where p = density of air-gas mixture 

H = enthalpy (energy content) of 
air-gas mixture 

v = velocity vector, decomposible into 

x, y, z components u, v, w, respectively 

q = heat transfer vector, decomposible 
into components qx, qy, qz 

P = pressure 

t = time 

* Coriolis Forces have been neglected 
** Molecular Diffusion has been neglected 
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g = gravity force vector, decomposible 
into 3 components gx=0, gy=0, gz 

C = concentration of gas-air mixture 

T = stress tensor, decomposible into 9 
components Txx, Txy, Txz, ~yx' ~yy' 

Ty z, Tzx, Tzy, Tzz 

Each of the above equations can be understood as being a state- 

ment of the general principle of accountability: 

"The rate of accumulation of a quantity (energy, 

momentum, or mass) at a given location is equal to 

the net rate at which the quantity is transferred 

into (or out of) that location from its surroundings, 

plus the rate at which that quantity is being produced 

at that location." 

The groups of terms labelled I, If, III respectively in 

Equations V-l, 2, 3 correspond to the accumulation, transfer, 

and production mentioned above and are further explained in 

Table V-I. 

Equations V-l, 2, 3 are differential equations. Use of 

these equations to describe LNG vapor dispersion requires 

specification of initial conditions and boundary conditions. 

Initial conditions include a description of the water 

and atmospheric conditions at the site and a description 

of the initiation of the spill. Boundary conditions 

may also include water and atmospheric conditions but 

in addition include description of momentum, energy, and mass 

transfers at the boundary of the region being modeled. In 
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TABLE V-I 

IDENTIFICATION OF TERMS IN ENERGY, MOMENTUM, AND MASS BItLANCE EQUATIONS (V-I, 2 3) 

Energy 

Momentum 

Mac s 

ACCUMULATION TERMS (I) 

(Rate of change 
~_HH of energy with 
~t respect to time) 

(Rate of change 
~pv of momentum with 
~t respect to time) 

(Rate of change 
of density with 

~t respect to time) 

~C (Rate of change 
of concentration 
with respect to 
rime) 

I I I I I I I I I 

TRANSFER TERMS (II) 

(Energy carried along 
#'0Hv with fluid flow) 

(lieat transfer due to 
V-q temperature gradients) 

DP 
Dt 

(Work energy transfer 
due te pressure 
gradients) 

v.T 

(Momentum carried along 
with fluid flow) 

(Momentum transferred 
due to fluid friction 
or velocity gradients) 

÷ (Mass transfer by fluid 
V.0v flow) 

v.C~ (LNG Vapor transfer by 
fluid flow) 

PRODUCTION TERMS (III) 

(Thermal energy 
production due to 
fluid friction) 

(MomentUm production 
due to gravity 
forces) 

0 

0 

I I I I I I ! I I I 

0 
hh 

m 

"1 
M 
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FO 
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theory, the differential equations, along with prescribed 

initial and boundary conditions can be solved to obtain a 

complete description of the cloud behavior. However, a con- 

siderable quantity of additional information must be available 

as input to the 

for the general 

realizable. 

V-B. 

solution of these equations, and solution 

three-dimensional case is not practically 

SIMPLIFICATION OF GENERAL MODEL FOR PRACTICAL 
APPLICATION 

In practice, simplifying assumptions are made in the 

general mathematical models in order to arrive at a model for 

which a relatively few input data are required and which do not 

require excessive solution time and expense. It is in the 

simplification of the general model for the purpose of predicting 

LNG vapor dispersion that the differences between various in- 

vestigators' predictions result. 

Classical prediction of pollutant dispersion in the atmos- 

phere, which in theory should be described with Equations V-I,2, 

3, has focused primarily on dispersion of relatively small 

quantities of material such as smoke, radioactive isotopes, 

chemical fumes and dusts. In such situations it is commonly 

assumed that the pollutant material is present in sufficiently 

small quantities that it does not directly affect the motion of 

the air into which it is placed. Rather, the notion is that the 

pollutant particles simply follow the (already established) motion 

of the air. In such cases, material being dispersed can be 
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viewed as "tr~.2ers" of the air motion. Implicit in this 

approach is the assumption that there are no heat transfer 

effects between the pollutant and the air and that there i~ 

no momentum exchange between the two. In such a case, the 

requirement for the energy and momentum balances is eliminated. 

With the additional assumption that the material has the same 

density as air (i.e. the mixture is "neutrally buoyant"), 

the system of Equations V-l, 2, 3 reduces to one equation for 

the conservation of LNG vapor: 

~C -- u -V. Cv (V-4) 
~t 

The quantity C~ , where C is the concentration of the pollutant 

in mass per unit volume and v is the local velocity, has the 

physical units of a mass flux term, i.e. mass/ area - time. 

The quantity C~ must be related to the concentration profile in 

order to get an equation which can be solved. To this end 

it is commonly assumed that the mass flux is proportional to 

the concentration gradient. In this case, 

C~ = 

where VC = 

k = 

Substituting Equation V - 5 into Equation V - 

-kvC (V-5) 

the local concentration gradient 

the "Ficks Law" diffusion coefficient 

4 we have 

~__qC = v.kvC 
~t (V-6) 
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V-B-I. Instantaneous Release (Puff) Model 

If the pollutant is assumed to enter the atmosphere 

instantaneously, in amount Q, from a single point, the solution 

to Eq (V - 6) is 

C(X,y,z,t) exp 1 x 2 + y2  z 2 

1 / 2  4 t  I Ky + 
(4~t) 3/2(KxKyKz) 

(v-7) 

i 

m 

where Kx, Ky, K z are constant diffusion coefficients 

for diffusion in the x, y, z directions, respectively 

m 

B 

m 

b 

b 

Furthermore, arguments based on statistical analyses of random 

turbulence (13) indicate that for large diffusion times (how 

large is large enough depends on the particular application, 

and in any case is not readily determined), the mean square 

diffusion distance is given by 

x 2 (t) = ax2 = 2Kxt 

y2 (t) = ay2 = 2K t 
Y 

(v-8) 

i 

4 

i 

z2(t) = az2 = 2K t 
Z 

where ax, Sy, a z are the standard deviations 

of the concentration distributions 

in the yz, xz, and xy planes, respectively 
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Combination of Equations V - 7 and V - 8 gives 

Q 2 )-3/2 1 x 2 + 
C(x,y,z,t) = exp 2 +Oy2 

0xOyO Z 

(v-9) 

If the diffusion process is assumed to be superimposed on 

(translated with) a mean wind in the x direction having 

velocity u , a coordinate transformation gives 

C (x,y,z,t) = oxiOyiOzl [ 0yi2 (v-10) 

Equation V " l0 predicts the concentration of the gas at a 

position x, y, z (relative to the release point) at time t, 

given an instantaneous point source release of the gas of 

magnitude Q, mean wind speed u , and diffusion coefficients 

0xi , Oy I ,Ozi where the subscript I has been used to denote 

association with an instantaneous release. Equation V - I0 

excludes all heat transfer effects, momentum transfer effects, 

and gravity effects associated with materials having density 

different from air, and can be viewed as describing the growth 

of a puff or cloud as it is carried downwind with the mean wind 

velocity u , as shown in Figure V-I. Figure V-IA depicts the 

position of the outer limit of the cloud which continues to 

increase in size. Figure V-IB depicts the position of the 5% 

isopleth (line of constant concentration) as the cloud moves 

downwind. The portion of the cloud at ground level with 

concentration above 5% increases in size at first due to spreading 

of the vapors and then shrinks in size due to further dilution 
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with air. At some distance downwind, labeled XMA X in Figure V-IB, 

the entire cloud is below the 5% flammable limit. The 

distance XMA x is presumed to be the downwind limit of the 

hazardous zone resulting from the spill. 

Since the use of the method is dependent on the availability 

of the dispersion coefficients ( Oxl , ayi, azi) which are 

determined in practice from the average behavior of a number of 

puffs, consideration must be given to the probability of single 

puffs having downwind distances (to the 5% limit) greater 

than XMA X. 

The maximum concentration predicted by Equation V - 10 

occurs at the puff center (x=ut, y=o , z=o). The maximum 

concentration at a given downwin distance is therefore given 

by the equation 

-1/2 
Q (2n 3) 

c(x,y=0, z=0, t=x/~) - (V-11) 
axiayiazi 

In Equation V-If the right hand side has been multiplied by 

2 to account for the presence of the water surface. 

Equation V-If is the basic equation used by Germeles 

and Drake 

and Lewis 

LNG vapor 

equation to force 

applicable to the 

(4), the U.S. Coast Guard CHRIS model (5) and Fay 

(6) for the prediction of atmospheric dispersion of 

from large rapid spills. Fay does modify the 

asymptotic behavior which he considers more 

cloud development. The differences in 
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results obtained by the three groups result in part from 

Fay~ modifications to the equation, from differences in 

treatment of the initial gravity controlled spread, and from 

use of different dispersion coefficients. 

These differences will be considered in detail later in 

this report. 

It is to be emphasized that in addition to other 

assumptions which eliminate consideration of heat transfer 

and gravity effects, Equation V - i0 applies to an 

instantaneous release of the ~as into the atmosphere. In 

reality the gas cannot be released instantaneously, because 

the gas release rate is limited by heat transfer from the 

water to the spilled LNG. The rate of gas release depends 

on the heat transfer per unit area of LNG - water interface 

and on the area of LNG - water contact. Since the evaporation 

process is rapid due to high heat transfer rates, the gas 

release rate from the spreading LNG liquid pool is highly 

transient, with the general characteristics shown in Fig. V-2. 

Point A refers to the instant when a quantity of LNG is spilled 

on the water. The segment AB corresponds to the period of time 

when the liquid pool is spreading; the increase in release rate 

during this period is primarily due to the increase in LNG water 

contact area since evaporation rate per unit area of surface 

(for large spills) is thought to be relatively constant. At 

point B the liquid pool stops growing and the gas release rate 

remains constant until the pool begln~ to break up at point C. 
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Figure V-2. PATTERN OF GAS RELEASE INTO THE 
ATMOSPHERE FROM AN LNG SPILL 

ONTO WATER 
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II 
The decrease in release rate along CD corresponds to the boil 

1' 

I 

a 

i 

iT 

i, 
! 

off from the broken patches of LNG. At point D the release is 

complete. 

Several LNG evaporation models (i, 2, 3, 14, 15, 16, 17, 

18, 19) have been proposed for quantitative prediction of the 

pattern shown in Figure V-2. Some of these models have been 

used in predicting LNG vapor dispersion on water and will be 

discussed later in this report. However, the important point 

to be made here is that the gas release cannot be instantaneous 

(the use of the terminology "instantaneous spill", which implies 

instantaneous release of a quantity of 

been confused with the terminology of 

of gas as implied by Equation V - I0). 

LNG onto water has often 

"instantaneous release" 

A second feature of 

importance illustrated by Figure V-2 is the highly transient 

nature of the gas release rate. This is important because an 

alternative approach (to the instantaneous release model) is to 

model the gas release rate as being constant in time. 

V-B-2. Stead~ Release (Plume) Model 

Figure V-3 illustrates the fact that a continuous 

release of material can be viewed as the rapid successive 

release of (instantaneous) puffs. The concentration at a 

& 

h 

given point downwind resulting from a rapid succession of 

puffs is obtained by adding the contributions from all the 

puffs to the point in question. This corresponds to integration 

of Equation V-10 from time zero to time infinity. This 

integration is not straight-forward since the dispersion 

[ti~ 
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TIME DEVELOPMENT OF SINGLE PUFF 

ILLUSTRATION OF SUCCESSIVE PUFFS AT AN INSTANT 

i 

! 

RAPID SUCCESSION OF PUFFS FORMS CONTINUOUS PLUME "T 

Figure V-3. ILLUSTRATION OF INSTANTANEOUS RELEASE OR PUFF, 
RELEASE OF SUCCESSIVE PUFFS, AND A CONTINUOUS 
RELEASE (STEADY PLUME) 
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coefficients UxI' SyI'Uzl are functions of time and distance. 

To simplify the model development, it is therefore commonly 

assumed that dispersion of each puff in the downwind direction 

is negligible in comparison with its movement associated with 

the mean wind velocity ~ . The result of the time integration 

of the instantaneous release equation (Equation V - i0) is the 

equation widely used for predicting the concentration of a gas 

or particulate material dispersed from a ground-level point 

source, in a wind with mean velocity ~ in the X direction, at a 

constant rate Q': 

OS 
C (x,y,z) - 

~ a U y z 
[I i exp _ 1 _ 1 z (v-12) 

a 

g 

e 

g 

O 

g 

g 

In Equation V - 12 the right hand side has been multiplied by 

2 to account for the presence of the water surface. 

Since this method is also dependent on dispersion 

coefficients ( Oy , a z ) which are determined in practice from 

the time average behavior of a plume, consideration must be 

given to the probability of existence of gas pockets having 

downwind distances (to the 5% average value) greater than XMAX. 

The maximum concentration predicted by Equation V - 12 

occurs at the plume center line at ground level ( y = 0, z = 0). 

The maximum concentration at is then a given downwind distance 

given by the equation 

i 

C(x,y=0,z=0) 
Q. 

~OyO z 

(V-13) 

m 
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Equation V - 13 is 

(i, 2), Fel~bauer 

Staff (7) to model 

the basic equation used by Burgess et al. 

et al. (3), and the Federal Power Commission 

the dispersion of LNG vapors from spills onto 

water. The differences in results obtained by these investigators 

result from differences in treatment of the rate of gas addition 

to the atmosphere, in allowance for the effect of the "area" 

source, in the use of different values for the dispersion 

coefficients, and in modifications intended to describe heat 

transfer and non-uniform density effects. These differences will 

also be considered in detail later in this report. 

Table V-2 shows a summary of the input parameters which 

must be specified by the user to predict downwind concentrations 

of vapor using Equations V - Ii and V - 13. As will be demon- 

strated in the detailed analyses of the various predictions 

that have been made using Equation V - Ii and Equation V - 13, 

all of the variation in the reported results can be attributed 

to the following factors. 

i. The maximum downwind distance to the lower flammable 

limit concentration is strongly dependent on the amount of 

material released, Q, in Equation V - ii or on the rate of 

addition of LNG vapor to the atmosphere, Q', in Equation V - 13. 

2. The maximum downwind distance to the lower flaumuable 

limit concentration is strongly dependent on the numerical 

values of the dispersion coefficients, axi , ayi,azi used in 

Equation V - ii and ay "Uz used in Equation V-13. These dis- 

persion coefficients in turn are strongly dependent on the 

atmospheric conditions at the spill site. Further, the 

specification of these dispersion coefficients in the scientific 
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INPUT PARAMETERS 

TABLE V- 2 

REQUIRED FOR VAPOR DISPERSION ~'REDICTIONS 

i 

g 

a 

Q 

a 

MODE OF RELEASE 

Instantaneous, 

Point Source 

(Puff), Equation V-II 

Steady, Point Source 

(Plume), Equation V-13 

INPUT PARAME~'ERS REQUIRED 

Q = amount released 

axi ' ayi, azi = Horizontal and vertical 

dispersion coefficients 

for instantaneous re- 

lease 

Q' = rate of release of material 

into atmosphere 

Horizontal and vertical 
ay, a z 

dispersion coefficients 

for steady Plume 

= mean wind velocity 

O 

i 

g 
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literature is the result of actual experimental measurements 

(see Appendix I) from relea: : of material with essentially 

neutral buoyancy. Therefore, effects such as those associated 

with the low temperatures and high densities of LNG vapor are 

not included in literature compilations of dispersion coefficients. 

Various attempts, which are empirical in nature, to account for 

this by "doctoring" the coefficients obtained from neutrally 

buoyant dispersion measurements are responsible for much of the 

variation in predicted results based on Equation V - ii and V - 13. 

3. Equations V - ii and V - 13 include no provisions for 

the LNG vapor puff or plume to spread due to gravity effects as 

might be expected due to the density of the cold LNG vapors. 

Treatment of effects resulting from gravity spreading of the 

vapors resulting from large spills has varied widely, with 

correspondingly varying results. 

4. Equations V - ii and V - 13 assume entry into the 

atmosphere from a point source, while an LNG spill onto water 

is an area source of LNG vapor. Attempts to estimate the 

effect of the area source, while utilizing Equations V - ii 

and V - 13, are responsible for some of the variation in 

reported predictions of downwind vapor travel. 

V - B - 3 Combined Mass, Momentum, and Energy Balance Models 

A significantly different approach to the prediction of LNG 

vapor dispersion following an accidental spill, which involves 

solution of the system of Equations V-I,2,3 with less restrictive 

simplifying assumptions, has been published by Science Applications, 

m 

Incorporated (8). This approach results in estimates of maximum 
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downwind distance to the lower flammable limit that are an 

order of magnitude shorter than some of the earlier estimates 

which were based on the use of Equations V-II and V-13. A 

a later section of this report describes in detail the methodDlogy 

associated with SAI's predictions. 
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VI. SURVEY OF VAPOR DISPERSION PREDICTIONS ASSUMING 

INSTANTANEOUS RELEASE OF VAPOR FROM INSTANTANEOUS SPILL 

OF 25,000 M 3 OF LNG ONTO WATER - CLASSICAL PUFF MODELS 

Germeles and Drake (4), the Coast Guard (5) and Fay 

and Lewis (6) have published predictions for a "worst case", 

instantaneous, release of 25,000 cubic meters of LNG onto 

water. Table VI - 1 is a summary of the vapor dispersion 

predictions obtained using the models suggested by Fay and 

Lewis, Germeles and Drake and CHRIS for a 25,000 M 3 

instantaneous spill onto water during stable atmospheric 

conditions. Table VI - 2 presents results predicted for neutral 

weather conditions. All three groups assume applicability of 

Equation V - I0, the puff model, to the dispersion of the vapor 

following a spill. Germeles and Drake and the Coast Guard 

CHRIS method assume the vaporized LNG initially forms a 

cylindrical pancake of radius r e and height h e where r e is 

equal to the radius of the liquid pool at the end of the 

evaporation period. The equations used by Germeles and Drake 

and the CHRIS model for predicting the radius of the pool at 

the end of the evaporation period (maximum pool radius) are 

shown in Table VI - 3. Table VI 3 also includes, for 

comparison, other models for maximum pool radius which have 

appeared in the literature. Table VI - 4 shows the maximum 

pool radius, evaporation time, and height (assuming a 

cylindrical cloud of pure LNG vapor at its boiling point) 

calculated for a 25,000 M 3 spill using the equations shown 

in Table vl - I. 
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TABLE VI - 1 

LNG VAPOR DISPERSION PREDICTIONS FOR 25,000 M 3 
INSTANTANEOUS SPILL - BASED ON CLASSICAL PUFF 

MODEL - STABLE WEATHER CONDITIONS 

II. 

Initial Pure Vapor 
Cloud Size* 

Vapor Cloud Size at 
End of Gravity Spread 
Phase 

FAY AND LEWIS (6) 

Not applicable 

Not applicable 

Radius - 816 M 

Height = 2.9 M** 

III. Concentration of Vapor i001 
Cloud at End of Gravity 
Spread Phase 

GERMELES AND DRAKE (4) 

Radius = 383 M* 

Height - 13 M 

Radius = 950 M 

Height -22.6M 

22% (by volume)*** 

IV. Maximum Downwind Dis- 17.4 Miles (i) 11.5 Miles (2) 
tance to 5% (average) 
Concentration 

CHRIS (5) 

Radius = 383 M* 

Not applicable 

Not applicable 

Not applicable 

V. Maximum Downwind Dis- 31.0 Miles (i) 22.1 Miles (2) 
tance to 2.5% (average) 
Concentration 

Not applicable 

16.3 Miles (3) 

24.4 Miles (3) 

* Initial cloud radius assumed equal to radius of pool at end of vaporization period 

** This value of cloud height assumes the cloud to be at the LNG boiling temperature 
**" Assumes mean wind velocity of 5 MPH 

(i) Fay's Model, using "Very Stable" Puff Dispersion Coefficients from Slade (13) 
(Appendix I) - If a neutrally buoyant or ambient temperature cloud is assumed at 
the end of the gravity spread phase, a greater distance results. 

(2) G-D Model, using Gifford-Pasquill "F-Moderately Stable" Plume Dispersion Coefficients 
(Appendix i) 

(3) CHRIS Model, using Gifford-Pasquill "F-Moderately Stable" Plume Dispersion 
Coefficients (Appendix I) 
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TABLE VI - 2 

LNG VAPOR DISPERSION PREDICTIONS FOR 25,000 M 3 
INSTANTANEOUS SPILL - BASED ON CLASSICAL PUFF 

MODEL - NEUTRAL WEATHER CONDITIONS 

I. Initial Pure Vapor Cloud* 

V. 

FAY AND LEWIS (6) GEP~MELES AND DRAKE (4) 

Not applicable Radius = 383 M e 

Vapor Cloud Size at End of 
Gravity Spread Phase 

Radius = 816 M 

Height - 2.9 M 

Height = 13 M 

Radius = 950 M 

Height = 22.6 M 

Concentration of Vapor 
Cloud at End of Gravity 
Spread Phase 

Maximum Downwind Distance 
to 5% (average) Concentra- 
tion 

100% 

1.6 Miles (i) 

22% (by volume)** 

3.0 Miles (2) 

Maximum Downwind Distance 
to 2.5% (average) Concen- 
tration 

3.0 Miles (i) 5.6 Miles (2) 

CHRIS (5) 

Radius = 383 M 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

3." '~es (3) 

4.8 Miles (3) 

(1) 

(2) 

(3) 

Initial cloud radius assumed equal to radius of pool at end of vaporization period 

This value of cloud height asgumes the cloud to be at the LNG boiling temperature 

Assumes mean wind velocity of 5 MPII 

Fay's Model, using Neutral Puff D~spersion Coefficients from Slade (13) (Appendix l) - If 
a neutrally buoyant or ambient temperature cloud is assumed at the end of the gravity 
spread phase, a greater distance results 

Germeles and Drake Model, using Gifford-Pasquill "D-Neutral" Plume Dispersion 
Coefficients (Appendix I) 

CHRIS Model, using Gifford-Pasquill "D-Neutral" Plume Dispersion Coefficients (Appendix i) 
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I 

TABLE VI - 3 

g 

PUBLISHED MODELS FOR PREDICTING EVAPORATION 
TIME AND MAXIMUM POOL SIZE FOR INSTANTANEOUS 

SPILLS OF LNG ONTO WATER 

G 
EQUATION FOR 

MAXIMUM RADIUS 

EQUATION FOR 
EVAPORATION TIME 

I 
3/8 1/4 

(i) r e = 7.4 V t e = 8.8 V 

m h I/4 h I/2 

a (2) 

(3) 

(4) 
a 

(5) 

B 

m 

I 

m 

(6) 

r e = 4.7 V 5/12 

r e = 10.4 V 5/12 

r = 7.3 V 3"8 / 
e 

t = 3.3 V I-3 / 
e 

t e = 14.5 V 1/3 

t e = 7.9 V I/4 

z/4 
r e = 7.6 V 3/8 t e = 12.4 V 

hl/8 hl/2 

r = 9.07 V 3/8 t e = 10.56 V I/4 
e 

hl/4 hl/2 

where V 

r e 

t e 

h 

= Volume of Spill, ft 3 LNG 

= Maximum Pool Radius, ft 

= Evaporation Time, sec 

= Liquid Regression Rate, 

SOURCE 

Raj/Kalelkar (15) 
(used by Germeles-- 
Drake and CHRIS) 

Fay (14) 

Hoult (16) 

Hoult (17) 

Otterman (18) 

Muscari (19) 

in/rain 

m 

m 

m 
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.ii ! 

i 

TABLE VI - 4 

PREDICTION OF INITIAL LNG VAPOR CLOUD SIZE 
FOLLOWING INSTANTANEOUS SPILL OF 25,000 M 3 ON 

WATER USING MODELS OF TABLE VI-I 

VAPOR CLOUD RADIUS EVAPORATION VAPOR CLOUD 
SOURCE (FT) TIME (SEC) HEIGHT (FT)* 

Raj/Kale]kar (15) 1255 270 43 
(used by Germeles- 
Drake and CHRIS) 

Fay (14) 1417 316 34 

Hoult (16) 3136 1390 7 

Hoult (17) 1239 242 44 

Otterman (18) 1289 380 41 

Muscari (19) 1539 324 29 

* Vapor Cloud Height = 241 Vliq/~re 2 

where 241 = Gas Specific Volume at Boilin~ Point 
Liquid Specific Volume at Boiling Point 

T 
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a 

g 

m 

g 

i • 

b 

m 

R 

Fay and Lewis and Germeles and Drake assume the vapor 

generated, being heavier than air, will spread laterally 

across the water surface. Fay assumes the cloud spreads 

without appreciable mixing with air, while Germeles and Drake 

allow for air entrainment at the top of the cloud. The 

termination of the so-called ,,gravity spread" phase was 

considered by Fay and Lewis to be the point where the cloud 

becomes neutrally buoyant due to heat transfer from the water 

below the cloud. Germeles and Drake terminated this phase 

of their model at the point where the cloud becomes buoyant 

under no wind conditions, or when wind is present, at the point 

where the gravity spread velocity of the cloud equals the mean 

wind velocity. Fay models the "warming up" process of the 

cloud as resulting only from convective heat transfer between 

the water surface and the cloud, while Germeles and Drake 

consider heat effects due to convection and mixing with entrained 

air, including the latent heat effects of condensation and 

freezing of water vapor. The vapor cloud at the end of the 

gravity spread phase, as described by Fay and Lewis and 

Germeles and Drake in Items II and III in Table VI - i, are 

used as starting points for their models of the atmospheric 

dispersion phase. All three use vapor dispersion models based 

on Equation V - 10, restated: 

Q(2~ 3/2 

C(x,y,z,t) = exp 

n axI~yIazI 2 ~xi2 ayI2 ~zi 2 

(Vl- 1 ) 

I 
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VI-A. PREDICTIONS USING FAY'S MODEL 

Fay notes that the maximum concentration at any point 

downwind must occur at ground level at the cloud (puff) center, 

or x=ut, y=0, z=0, and he assumes Uy I = axi. Both assumptions 

are widely practiced and appear to be justified within the error 

of existing experimental data when other assumptions of the 

model (neutral buoyancy, dilute pollutant/air concentrations) 

are valid. 

Equation VI -i then becomes 

Q 
C m = (vI - 2) 

(2~3)i/2ayi 2 Uzi 

where the subscript m denotes "maximum" 

In Equation VI 2 the right hand side has been multiplied by 

2 to account for the presence of the water surface. 

Since Q is the amount of LNG vapor added (instantaneously, 

according to the development of Equation V - i) and the cloud 

is assumed to be pure at the end of the gravity spread phase, 

Fay substitutes 

2 
Q = , rvm hv 

where rvm and h v are 

cloud to get 

C m = 

the radius and height of the pure vapor 

1 rv m 

(2,) 1/2 L~zi J 

(vz - 3) 

mm 

J 
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i 

i 

I 

m 

m 

b 

I 

m 

m 

Equation Vl - 3 includes the effect of horizontal and 

vertical mixing. Fay argues that horizontal mixing would be 

suppressed near the spill due to the shallow depth of the 

cloud. He assumes that near the spill only vertical mixing 

would occur and that the resulting vertical distribution would 

be Gaussian. Hence at these "intermediate" distances Fay 

argues that the maximum ground level concentration would be 

= [2] 1/2 h v 

C m (vl - 4) 

Finally, Fay argues that at the location of the spill the concentra- 

tion must be unity (i.e. 1 FT 3 of LNG vapor per FT 3 of space). Based 

on consideration of Equations Vl-3 and VI-4 and the requirement 

of unity concentration at the source, Fay proposed the 

following modified form of Equation Vl i, which asymptotically 

yields C m = 1 at the spill location, Equation VI - 4 at 

intermediate distances(where a <<r and a and Equation 
yI vm zI>>hv ) 

VI - 3 at large distances 

~zi>>hv ): 

from the spill source (where Oyi>>rvm and 

c = (~ - 5) 

m 1/2 

rvm + ~yI v +[2] °zI 

Since Fay wanted to compare his model prediction with the 

experimental data reported by Feldbauer (3), he assumes that 

at large distances from the spill the time average concentration, 

I 56 
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C, of a passing cloud is given by 

= C m 

2 

The equation for 

becomes 

corresponding to Equation VI - 5 then 

C I r° 
vm + 2 ay I 

2 lh 1 v 

v Cz 

(Vl 6) 

Fay compares results obtained from his analysis of Feldbauer's 

data with the prediction of Equation (VI - 6) and obtains rough 

agreement. 

In order to define the maximum downwind flammable extent 

of the cloud, we are primarily i erested in the prediction of 

the distance at which C m = 0.05 (or some fraction thereof, 

depending on assumptions of peak-to-average concentration ratio) 

as predicted by Equation VI - 5. In order to solve for this 

distance, the dispersion coefficients ay I and azi must be 

specified as functions of the downwind distance. Fay assumes 

ay I and azi to be given by the following equations (see 

Appendix I). 

Neutral Stability Very Stable 

ay I 0.06 x 0"92 0.02 x 0"89 

0.70 0.61 
az I 0.15 x 0.05 x 

where Oy I , azi , x are in meters 

(VI - 7) 
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a Equations VI - 7 are estimated correlations 

source values of o and given by Slade 
i yI °zl 

largely on the data of Hogstrom (20). 

e the "very stable" condition denote the 

it 11 

most stable data of Hogstrom. 

G 

I 

g 

I 

I 

B 

I 

m 

i 

I 

R 

m 

X, 

is 

for instantaneous - 

(13) and are based 

The corre:lations for 

approximate limit of the 

The solution of Equation VI - 5 for C m as a function of 

the downwind distance, assuming "very stable" coefficients, 

shown in Figure VI - 1 for a 25,000 M 3 instantaneous LNG 

spill. From Figure VI - i, the distance to a maximum concentra- 

tion of 5% is predicted to be 25,000 meters. The distance to 

C = 0.025 (incorporating a 2 to 1 peak-to-average ratio) is 
m 

50,000 meters. The distance to C m = 0.01 (incorporating a 

5 to 1 peak-to-average ratio) is 100,000 meters. 

Values for rvm and h v of 816 meters and 2.9 meters 

respectively were used in the calculation of downwind distances 

shown in Figure VI - 1 and Tables VI - 1 and VI - 2. These 

values were taken from Lewis' thesis (40). The values of 2.9 meters 

for h v and 816 meters for rvm correspond to a pure vapor cloud 

volume at the LNG boiling point, approximately 240 times the spilled 

liquid volume. Although Fay and Lewis' paper indicates (on the last 

line of page 491 in Reference 6) that a pancake neutrally 

bu__~ant pure vapor cloud of radius rvm and height h v forms over 

the spill, the results which appear in Lewis' thesis and which 

correspond to Figure 5 of Fay and Lewis' paper apparently are 

based on values of rvm and h v of 816 meters and 2.9 meters 

respectively. If the height of the cloud is determined from 
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I 

I 

the volume at the temperature corresponding to neutral 

buoyancy (~-155F) the height is increased by a factor of 

about 1.45 and the predicted downwind distance with very 

stable weather increases to approximately 23 miles. In a 

recent communication, Dr. Fay suggests that th[ h v should 

be determined from the volume of the pure gas <:loud at 

0°C. In this case h v is estimated to be 7.1 meters and the 

downwind distance to the 5% level with stable ~eather 

conditions is calculated to be 28.0 miles. (See Appendix II) 

Fay's rationale for the development of Equation VI - 5 

included the requirement that it agree, at lon~ distances, 

with Equation VI - 3, restated 

-----TTI [r h 
C m = - -  -- (VI 

-'2 LOylj L° IJ 
- 8) 

D 

m 

a 

m 

a 

m 

Recalling that 

V 

where V 

rvm 

h v 

Equation VI - 

c m -- 

2 

= Wrvm h v 

= volume of gas released 

= radius of pure gas cloud at end 
of gravity spread phase 

= height of pure gas cloud at end 
of gravity spread phase, 

8 is equivalent to 

V 

2 (vl - 9) (2,3) 1/2 ay I azi 

I 

Note that Equation VI - 

downwind concentration 

9 is just the equation for the maximum 

(ground level, z = 0, and cloud center, 

6O 

I 
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y = 0) for a puff or instantaneous release of vapor volume V. 

The solution of Equation VI - 9 is plotted in Figure VI - 1 

for comparison with Equation VI - 5, using UyI ' azI suggested 

by Slade for "very stable" atmospheres. Although Fay's model 

(Equation VI - 5) approaches the solution to Equation VI - 9 

for very long distances, the distances predicted for 5% con- 

centration (lower flammable limit for methane) for a 25,000 

cubic meter spill is significantly different for the two 

equations (by a factor of 3.7). The important point to be 

made is that Fay's model can be viewed as a model for the 

point source instantaneous release of 25,000 M 3 LNG as 

vapor, modified to give a finite concentration (C m = i) at 

the source. 

VI-B. PREDICTIONS USING GERMELES AND DRAKE'S MODEL 

Although the final prediction of downwind distance to a 

given concentration by Germeles and Drake is also based on the 

use of Equation VI - I, the classical dlffusion model for the 

dispersion of a "puff" (instantaneous release of vapor), other 

procedures in their model differ significantly from those of 

Fay: 

I. Germeles and Drake allow for entrainment of air by 

the LNG cloud as it spreads across the water surface 

immediately following the release (which is treated as 

if the vapor release is instantaneous). This results 

in a cloud which is to be used as the start of the 

dispersion phase (to be described by Equation VI - i) 

that is alread~ diluted with air. 
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I 

g 

a 

g 

g 

a 

2. Germeles and Drake terminate the initial gravity 

spread phase of the cloud (during which time air is 

entrained) at the point where it reaches neutral density 

under no-wind conditions or when'the velocity of the 

edge of the spreading cloud falls to the mean wind 

velocity. 

3. Germeles and Drake argue that an analysis of Hogstrom's 

data for dispersion coefficients for instantaneous re/ease 
J 

do not justify Slades estimated correlation, particularly 

for "very stable" weather: 

0.89 
ay I = 0.02 x 

0.61 
azi = 0.05 x 

Instead, they recommend the use of the Pasquill F 

stability "plume" dispersion coefficients for stable 

weather and Pasquill D stability coefficients for neutral 

weather conditions. 

4. Since Drake and Germeles assume a "starting point N 

cloud of 22% vapor (specific to the caae being considered) 

for the atmospheric dispersion prediction, they correct 

the result predicted by Equation VI -I by subtracting 

the distance required for a 22% concentration to occur 

downwind of a point source instantaneous release. This 

method, usually referred to as the specification of a 

"virtual source", is a common practice for allowing for 

the effect of an area source. The method is illustrated 
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in Figure VI 2, where X is the distance computed for 

0.05 using Equation VI - 1 and X v is the distance 
C m = 

computed for C m = 0.22. The downwind distance to 

C m = 0.05 from the actual (area) source is then 

X' = X - X v (Vl - i0) 

As shown in Table VI - i, the size of the initially 

formed pure LNG vapor cloud over the spill has a radius of 

383 meters and a height of 13 meters. Germeles and Drake 

assume that during the gravity induced spread the cloud can 

be represented by its average spatial thermodynamic state. 

That is, the cloud at any instant is assumed uniform in 

temperature and composition. 

The equation used to predict the gravity spread of the 

vapor cloud was proposed by Yih (22) to describe density intrusion 

weather phenomena such as the movement of cold fronts: 

_ _  = g H 

dt [PaJ 

where H = cloud height, ft 

t = tire, sec 

p = cloud density, ib/ft 3 

k = 2 

(VI - ii) 
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m 

m 

m 

The cloud density, p, varies due to air entrainment and heat 

transfer between the cloud and its surroundings. 

Germeles and Drake assume that air is entrained at the 

upper surface of the spreading LNG cloud as the clouds spread 

laterally. If the volume of air entrained, dQ e, by an annular 

area, 2~rdr, of the top surface of the cloud is 

m = ~ U c 2~rdr d e (VI- 12) 

i 

I 

i 

I 

6 

I 

I 

i 

m 

where U c = local velocity of the cloud surface 

[a r d~] 
ssumed = - 

R 

= entrainment coefficient 

then 
r dR A 

du e = ~ -- 2wrdr 
R dt 

= 2 ~ dR r2dr 

R dt 

Integrating from r = 0 to r = R, 

2 

- Oe = 2~=R dR 

3 dt 

From the principle of mass conservation, 

dM 

- Pa ~ e 
dt 

where M = mass of the "mixed" cloud 

65 
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?tom the energy conservation principle, 

d (MCT) 

dt 

= Ca~aQeTa + Ov + Ow (Vl - 16) 

where C 

T = 

a = 

Qv = 

Qw = 

heat capacity of mixed cloud 

temperature of mixed cloud 

refers to air only 

heat of condensation and freezing 

of water in cloud 

heat transferred by convection, 

natural (Qn) or forced (~f), 

whichever is greater 

Qn = i.i x I0 -4 ~R 2 (T w T) 4/3 

6f : Oe (Tw - T1 
2 ~ 

(VI - 17) 

Solution of the four simultaneous equations; 

dR 1/2 1/2 
= 29.11 (p - 0.076) H 

dt 

dM 2~ dR 
-- = Pa - -  = R2 - -  

dt 3 dt 

(vl 

(VI - 

u 

18) 

19) 

66 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

r 
r 
r 
r 
r 
.r 

d (MCT) 
= C~Oa6eTa + Qv + Qw (Vl - 20) 

dt 

M = ~R2Hp (VI - 21) 

gives the concentration and temperature development of the 

cloud during the gravity spreading phase. 

Figures Vl - 3 and VI - 4 show the development of the 

cloud radius (R), temperature (T), height (H) and concentration 

(C) for a 25,000 M 3 instantaneous spill, using Germeles and 

Drakes' gravity spread model. The initial temperature and 

humidity of the air and the values used for =, the entrainment 

coefficient, and f, the friction factor in Equation VI - 17, 

are also shown in Figures VI - 3 and VI 4. 

Solution of Equation VI - 1 for y = z = 0 and x = ut 

gives 

Q 

c M = (vI - 

2 (2~3)i/2Uyiazi 

Q in Equation VI - 22 was assumed by Germeles and Drake to be 

the volume of the pure vapor cloud formed at ambient conditions 

(70°F, 1 atm) or approximately 630 times the spilled liquid 

22) 

volume. Solving Equation VI 22 by trial and error, using 

the Gifford Pasquill correlations for Uy,a z vs X (Appendix I) 

for "D-Neutral" weather for C m = 0.22 gives X v %5000 meters. 

Solving Equation VI - 22 similarly for C m = 0.05 gives X = 9800 
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meters. The downwind distance to 5% concentration for neutral 

stability conditions is then 9800 - 5000 = 4800 meters 

(3.0 miles) as shown in Table VI - 2. A similar calculation 

shows the distance to the 5% concentration for moderately 

stable (F) conditions to be about I0,000 meters (~iI.5 miles) 

as shown in Table VI 1. 

Calculations were made to determine the effect of 

variation in ~ , the entrainment coefficient, on the downwind 

distance to the LFL as predicted by Germeles and Drake. 

Figure VI - 5 shows the average concentration of the cloud 

during the gravity spread phase for values of = of 0.01, 

0.1, 0.20, and 0.50. The first vertical hash-mark on 

curve on Figure VI-5 denotes the time (and concentra- 

when the gravity spread Phase would be terminated for a 

second vertical hash-mark on each ~ curve 

(and concentration) when the gravity spread 

~.05, 

each 

tion) 

i0 MPH wind. The 

denotes the time 

I 

! 

1 

1 

1 

1 

1 

1 

1 

l 

phase would be terminated for a 5 MPH wind. For = = 0.5, the 

downwind concentration drops below 5% before the cloud edge 

velocity decreases to 5 MPH and before the cloud becomes 

neutrally buoyant. 

VI - C. PREDICTIONS USING U.S. COAST GUARD (CHRIS) MODEL (5) 

The U.S. Coast Guard has published methods for estimating 

downwind dispersion of vapors from spills of LNG or other 

cryogenic liquids in its "CHRIS" Chemical Hazards Reponse 

l 

l 

l 
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System. These methods were developed by Arthur D. Little, Inc. 

under contract to the Coast Guard. ADL's model for vapor 

dispersion from an instantaneous LNG spill, as incorporated in 

CHRIS, is also based on Equation VI'- i, 

diffusion model for the dispersion of a 

release of vapor). 

the classical 

"puff" (instantaneous 

To determine the downwind distance to the 5% (average) 

concentration, Equation VI - 1 was simplified for the ground 

level, centerline case (x = ut, y = 0, z = 0) 

Q 

C m = (VI - 23) 

(2=3) i/2°yi2 ~zI 

In Equation VI -23 the right side has been multiplied by 2 to 

account for the presence of the water surface. 

For a 5 MPH wind and stable weather conditions, values 

of the downwind distance are assumed until Equation VI 23 

predicts 5% concentration. The dispersion coefficients for 

stable weather conditions are taken from the Pasquill plume 

dispersion coefficient charts shown in Appendix I. It was 

recognized by ADL 5) that the application of these coefficients 

to the dispersion of a puff (instantaneously released vapor) 

is debatable, but such use was recommended until more experi- 

mental data are available. Using the coefficients representing 

Pasquill F stability, the downwind distance to the 5% (average) 

concentration is determined (by trial and error) to be approxi- 

mately 30,000 meters. 
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The CHRIS model accounts for the area source nature of 

an evaporating LNG pool by locating a virtual source at a 

distance 5 pool diameters upwind of the center of the pool 

as shown in Figure VI 6. The liquid pool diameter is 

estimated using the maximum pool radius model proposed by 

"r 
"T 

Raj and Kalelkar (15) shown in Table VI - 

r = 7.4 V3/8 
e hl/4 

3, restated: 

(vl - 24) 

I where V = volume of spill, ft 3 LNG 

I 
r e = Maximum Pool Radius, ft 

h = Liquid Regression Rate, in /min 

For a 25,000 cubic meter instantaneous spill, Equation VI 

gives a maximum pool diameter (2re) of 766 meters. The 

distance between the pool center and the virtual source is 

then 5 pool diameters, or 3830 meters. Subtracting this 

24 

distance from the result given by Equation VI - 23, the downwind 

distance is 26,200 meters or 16.3 miles, as shown in Table VI - i. 

The CHRIS model described above assumes the instantaneously 

formed cloud to be at ambient temperature and pressure (70°F, 

1 atm), and there is no provision for gravity spreading or 

heat transfer effects. 
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Figure VI-6. SCHEMATIC OF LNG POOL AND LOCATION OF V IRTUAL 
POINT SOURCE FOR 25,000 M3 INSTANTANEOUS SPILL 
AS SUGGESTED BY ADL,  INC. IN CHRIS MODEL 
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VI-D COMPARISON OF RESULTS BASED ON INSTANTANEOUS 

VAPOR RELEASE MODELS 

g 

The predictions shown in Table VI 1 and VI - 2 by 

Germeles and Drake, Fay, and CHRIS of maximum downwind distance 

to the 5% and 2 1/2% time-average vapor concentration following 

instantaneous release of 25,000 M 3 of LNG as vapor during neutral 

and stable atmospheric conditions appear to indicate fair agz;~e- 

ment. The maximum variation is about 25% from the mean value for 

the downwind distance to the 5% vapor concentration during stable 

weather conditions. However, this "agreement" is due to com- 

pensating differences in the approaches. 

The gravity spread portion of the Germeles and Drake 

model determines the co~centration which is assumed to represent 

the starting point for dispersion resulting from atmospheric 

turbulence. This estimated concentration (22% for the conditions 

chosen for illustration) directly determines the virtual source 

correction as indicated in Figure VI 2. The virtual source 

distance (Xv of Figure Vl - 2) for a 25,000 cubic meter instan- 

taneous release during stable weather conditions, using the 

Germeles and Drake model, is approximately 14,000 meters or 8.5 

miles. The CHRIS model, however, estimates the virtual source 

distance to be five pool diameters or approximately 3,800 meters 

( -- 2.4 miles). Since the estimation techniques do not differ 

except in estimating the virtual source distance, the difference 

in predictions by CHRIS and Germeles-Drake can be directly 

attributed to the greater virtual source correction resulting 
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i 

t 

i, 
!i 

;i 

from the gravity spread effects included in the Germeles 

Drake model. 

A "comparison" of the predictions of the Germeles and 

Drake and Fay models is more difficult. Four factors affect- 

ing the predictions of these models must be recognized. 

I. Fay's modification of the classical dispersion 

equation to force a unity concentration at the source 

tends to shorten his predicted distances in comparison 

to the results obtained with simple application of the 

puff model (as shown in Figure VI - i) and the model 

of Germeles and Drake. 

2. Fay's model has been used in this report assuming 

the total vapor volume released from the spill to be 

the saturated vapor --~lume of LNG at 1 atmosphere 

pressure, or approximauely 240 times the liquid volume. 

The total volume of vapor released from the spill is 

assumed in the Germeles and Drake predictions to be the 

volume of methane a~ standard conditions (70°F, 1 atm) 

or approximately 630 times the liquid volume. If the 

larger volume is used in Fay's model, as suggested by 

Fay in a recent communication to this author (see 

Appendix 2, Fay's comments), a much longer distance 

(~28 miles) results. 

!! 
!i 

3. Fay uses the "very stable" category puff dispersion 

coefficients presented by Slade. Germeles and Drake argue 

in their paper that the very stable puff dispersion 

coefficients correlation suggested by Slade is not suffi- 

ciently justified from an analysis of the original data, 
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r 

i 

and that the Pasquill F stability coefficients which 

represent "plume" dispersion data are more applicable 

in their analysis. This choice, however, considerably 

shortens the downwind distance to the 5% level when 

using the Germeles and Drake model. If the very stable 

puff dispersion coefficients of Slade are used in 

Germeles and Drake's model the calculated distance to 

the 5% level shown in Table VI - i would be approximately 

40 miles. Conversely, if the Pasquill F stability 

coefficients are used in Fay's model instead of the very 

stable puff coefficients cited by Slade, the predicted 

distance is cut roughly in half as shown in Figure VI - 7. 

4. Fay's model does not address the possibility of air 

entrainment during the gravity spread. This factor 

considered alone would tend to give a longer distance 

using the Fay model than the Germeles and Drake model. 

In view of these important differences in the three models; 

particularly the differences between the Germeles and Drake 

and Fay models, the "agreement" indicated in Table VI - 1 and 

Table VI 2 must be considered fortuitous. 
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VII. SURVEY OF VAPOR DISPERSION PREDICTIONS 
ASSUMING STEADY RELEASE OF VAPOR FROM 
INSTANTANEOUS SPILL OF 25,000 M 3 LNG 
ONTO WATER-CLASSICAL PLUME MODELS 

Burgess (i, 2), Feldbauer (3), and the Federal Power 

Commission (7) have published predictions for a "worst case," 

instantaneous, release of 25,000 cubic meters of LNG onto 

water. All three assume the applicability of the classical 

steady release or "plume" model for atmospheric dispersion, 

Equation V-12, restated: 

C(x,y,z) = _ exp - - (VII-l) 
o u 2 ~ay z 

Table VII-I is a summary of the vapor dispersion predictions 

obtained using the models suggested by Burgess, Feldbauer, and 

the FPC for a 25,000 cubic meter spill of LNG onto water. 

The differences in downwind distances to the 5% concentra- 

tion level shown in Table VII-I can be attributed to four factors: 

i. The value of Q', the rate of vapor flow into the 

atmosphere, has been estimated by different methods, 

with widely varying results. In all cases, however, 

the predictions reflect the assumption of a steady 

vapor flow rate from the spill site. (This condition 

is implicit in Equation VII-I). 
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TABLE VII - 1 
LNG VAPOR DISPERSION PREDICTIONS FOR 25,000 M 3 

INSTANTANEOUS SPILL ON WATER BASED ON CLASSICAL PLUME MODELS 
(Assumes 5 MP~ wind, weather conditions as Specified by predicting group) 

0 

m 

M 

i 

M 
m c~ 

FEDERAL 0 
BURGESS et al. FELDBAUER et al. POWER COMMISSION 

i. MAXIMUM LIQUID POOL o 
o DIAMETER, FT 1800 2036 1256 o 

o 2. SPILL EVAPORATION TIME, MIN 11.9 15.0 4.5 o I 
o 
o 3. VAPOR FLOW RATE USED FOR 7.5Xi05 (i) 6-3Xi05 (3) 

PREDICTION O~ DO 1.4X105 
DISTANCE, FT /SE~ *WIND (4) 

2 . 0 X 1 0  6 (2) 
< 

4. MAXIMUM DOWNWIND DISTANCE 25.2 (Q'=750,000ft3/sec) 5.2 
TO 5% (AVERAGE) CONCENTRA- 0.75 

TION, MILES 50.3 (Q'=2,000,000ft3/sec) 
M 

5. MAXIMUM DOWNWIND DISTANCE 38.2 (Q'=750,O0CFt3/sec) 9.5 o 
TO 2 1/2% (AVERAGE) CON- 1.6 m 
CENTRATION, MILES 76.2 (Q'=2,000,000ft3/sec) 

o 

o 

* Q' in Equation VII i measured in FT3/SEC at ambient temperature and pressure o 
o (i) average rate over evaporation period 

(2) peak rate during evaporation period 

(3) Based on measurements of downwind vapor flow rate from experimental spills, accounts 
for accumulation of vapor at spill site. 

(4) Based on assumption vapor flow rate is limited by heat transfer from atmosphere above 
pure vapor cloud initially formed. 

CO 
0 

! I I I I I I I I I I I I 

o 

I 

I 
o 
o 
o 
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h 

b 

2. Some groups have included effects due to gravity 

spreading of the cold LNG vapors; others did not. 

Where included (FPC, Feldbauer), the modeling processes 

were dissimilar. 

3. The values used for ay and ~z' the horizontal and 

vertical dispersion coefficients, were not always the 

same. Different sources of these data have been used 

and "adjustments" have been made to these data in an 

effort to more accurately reflect the expected LNG 

cloud behavior. Finally, the predictions made have not 

always assumed the same meterological stability conditions, 

e.g., "neutral" vs. "stable". 

I 

g 

4. Modifications have been made to account for the 

area nature of the source (Equation Vli - 1 describes 

the dispersion from a point source) and the modeling 

processes were dissimilar. 

d 

d 

A description of methods used by each of the four groups 

to obtain the predictions in Table VII - 1 follows. The 

calculation of vapor flow rate, allowances for gravity spreading, 

selection and modification of dispersion coefficients to "fit" 

LNG behavior, and allowances for the effect of area sources are 

described in detail. A description of sources of dispersion 

coefficient data from which all of the groups selected some data 

is show~ in Appendix I. 
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VII-A. PREDICTIONS USING BURGESS' MODEL (i, 2) 

Burgess' model for LNG vapor dispersion is the classical ]I i 

i 
plume model: Equation V - 12, restated: 

o- 

"OyOz i t ; L~J ~ L--qJ J 

where Q : rate of LNG vapor flow rate 
downwind 

a ,a = horizontal and vertlcal coefficients 
y z of dispersion, respectively 

= mean wind velocity in the X - direction 

Calculation of Vapor Flow Rate 

Based on data obtained from approximately steady spills 

of LNG at rates of the order of one cubic meter per minute, 

Burgess found the maximum diameter of the LNG pools to be 

given by 

D = 6.3 W I/3- (VII- 3) 

where D = maximum pool diameter, feet 

W = weight of LNG spilled, ibs 

The corresponding evaporation time was found to be 

i/ 
T = 2.5 W 3 (VII - 4) 

where T = evaporation time, sec 

W = weight of LNG spi]~.ed, lbs 

Twenty five thousand cubic meters of LNG we ns 23.4 x 106 

Ibs. Equations VII - 3 and VII - 4 therefore give a maximum 
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im 
pool diameter of 1800 feet and an evaporation time of 

12 minutes. This corresponds to an average vapor production 

rate of approximately 750,000 ft 3 per second (at 70°F, 1 arm). 

The peak evaporation rate occurs when the pool size is 

maximum. Burgess used a steady LNG boil off rate of 0.037 

ib/ft 2 - sec based on his experimental results. The maximum 

evaporation rate was then estimated to be about 2,000,000 ft 3 

per second (at 70°F, 1 atm). Burgess then treats the problem 

as a steady release with 750,000 ft3/sec and 2,000,000 ft3/sec 

as lower and upper limits on the vapor flow rate Q'. 

Source of Dispersion Coefficients 

Burgess used dispersion coefficient correlations proposed 

by Singer and Smith (Appendix I). Singer and Smith's correla- 

tion of ay and Oz with downwind distance X can be represented 

by the equations shown below. 

ATMOSPHERIC DISPERSION COEFFICIENTS 
FROM SINGER AND SMITH (21) 

USED IN BURGESS' MODEL 

Gustiness Classification 
(Meteorological Stability) Plume Dimensions (ft) 

C (Neutral) 0.42 X 0"78 0.29 X 0"78 

0.71 X0.71 
D (Stable) 0.44 X 0.087 

Burgess found that in order to fit has data from small spills 

using Equation VII - 2, the pronounced layering (gravity spreading) 
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of the vapor which he observed in his experiments had to be 

accounted for. He found that reasonable agreement between 

the model predictions and his small scale experimental data 

was obtained when the correlations for a z above were 

replaced by 0.2ay. 

Provision for Area Source 

Burgess makes no provision for the area source nature 

of the spill. The predictions are made with Equation VII - 2 

which assumes the vapor is released from a point source. 

Burgess' predictions of downwind distance to the average 

5% concentration level following instantaneous release of 

25,000 M 3 LNG in a 5 MPH wind under stable weather (Singer 

and Smith D category) conditions are shown in Table VII - i. 

VII-B. PREDICTIONS USING FELDBAUER MODEL (3) 

Feldbauer (3) has published results of spill tests 

ranging in size from 250 to 2700 gallons (approximately i to 

I0 cubic meters). Spill times varied from 3 seconds for the 

smallest spills to 30 seconds for the largest. The basic 

model used by Feldbauer to describe atmospheric dispersion 

is the classical plume model, Equation V - 12, restated: 

0 [ IH2 ] 
C(X,y,Z) = - exp - Y 2 

": 'ya  z u 

(VII - 5) 
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Calculation of Vapor Flow Rate 

Downwind vapor concentrations were monitored by hydro- 

carbon detectors set in lines at right angles to the wind 

direction. From concentration vs. time measurements at all 

locations in a line, and from the wind velocity, the total 

vapor flow rate past a line of sensors as a function of time 

was calculated. These data were used to predict the maximize, 

vapor flow rate from the spill area. The maximum vapor flow 

rate was then used for Q' in Equation VII - 5. 

Figure VII - i shows Feldbauer's suggested correlation 

for the maximum LNG vaporization rate from an instantaneou~ 

release of LNG onto water. Figure. VII - 2 shows Feldbauer'~ 

suggested correlation of maximum downwind vapor flow vs. 

maximum LNG vaporization rate. 

For a 25,000 M 3 spill (6,600,000 gal.), from Figure 

VII - I, ~ = 130,400 ib/sec (3.1 x i~ ft3/sec at 70°F, 1 atm), 

and from Figure VII - 2 for a 5 MPH wind, q/W = 0.2. There- 

fore, the maximum downwind vapor flow rate from a 25,000 M 3 

instantaneous spill is estimated to be 

q = 0.2 (130,400) = 26,080 lb/sec 

- 6.2 x 105 ft3/sec (at 70°F, 

1 atm) 

It should be noted that the rationale for the downwind vapor 

flow rate being lower than the evaporation rate is the 

accumulation of dense vapor over the spill site. 
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Allowance For Gravity Spreadin@ Effects 

Feldbauer's gravity spread analysis is based on the 

following equation for the plume width (during gravity 

spreading) as a function of downwind distance from the spill 

point suggested by Fannelop and Waldman (41). 

L = 2.2 ull/3 2/3 [ul 1 Ap ghL x 
P 

where L ~ plume width, ft 

p = plume density, ib/ft 3 

Ap 

g 

h = 

U = 

X = 

(VII-- 6) 

difference between plume and air 
densities 

gravitational acceleration, ft/sec 2 

plume height, ft 

plume speed, ft/sec 

distance downwind, ft 

By taking the derivative of Equation VII - 6 the following 

equation for the rate of lateral (radial) spread with respect 

to downwind distance traveled is obtained. 

-- = 2.2 a__.___ g 

dx 

(VII - 

Equation VII - 7 was used to predict the gravity spread of 

the cloud as follows. 

7) 
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The spreading plume is assumed to be uniform in 

concentration and density and approximately rectangular in 

cross section. At any cross section of the plume the 

total mass (vapor plus air) flow rate M (ibs per second) 

is given by 

where 

i00 Q' 
= = hLup 

C 

Q' = vapor flow rate, ib/sec 

C = vapor concentration, volume % 

h - height of plume, ft 

L = width of plume, ft 

(vll - 8) 

p = density of plume, ib/ft 3 

u = plume velocity 

Solving Equation VII - 8 for L gives 

I00 Q' 
L = (Vll - 9) 

Chup 

In Equation VII - 9 Q' has already been specified. 

C, h, u, p must be determined. A relation between C and p 

is developed assuming adiabatic mixing of air (70°F, 70% 

relative humidity) with LNG vapor at its boiling point as 

shown in the first two columns of Table VII - 2. Based on 

temperature measurements made during the tests, corrections 

were made to the density to reflect the addition of heat to 

the cloud due to heat transfer from its surroundings. These 
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corrections result in the density values given in column 3 

of Table VII - 2. 

TABLE VII - 2 
CALCULATED PLUME DENSITY AS A 

FUNCTION OF PLUME CONCENTRATION 
FROM FELDBAUER (3) 

Methane Mole% 

i00 

75 

50 

30 

20 

0 

ADIABATIC CORRECTED* 

P X 103 P x 103 

115.18 

92.76 92.38 

81.45 81.15 

75.86 75.43 

74.28 73.87 

74.13 74.13 

Corrected for heat transferred to cloud from surroundings 

using experimental cloud temperature data. 
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The plume height h is estimated by calculating the 

amount of vapor accumulation over the spill, assuming its 

for h from the shape to be cylindrical, and solving 

relation 

h = 
4V 

~D 2 

where V = volume of vapor accumulation over 
spill 

D = diameter of spill 

Based on correlations derived from their own data, the 

diameter of a 25,000 M 3 spill was determined to be 2036 

feet and the volume of vapor accumulated was calculated 

8 
to be 2.1 x 10 ft 3 (at LNG boiling temperature and 1 atm). 

Solving for h from Equation VII - i0 gives h = 66.2 ft. 

Feldbauer et al. then suggests multiplying this value by 

0.6 to account for "diffusion effects". Thus, the initial 

3 
value of h for a 25,000 M spill is 66.2 x 0.6 = 40 feet. 

This value of h is assumed to remain constant throughout 

the gravity spread. 

Finally, u, the plume velocity is estimated by assuming 

a linear relation between vapor weight percent of the cloud 

and the percent of the wind speed attained. The resulting 

non-linear relation between volume % vapor and percent of 

wind speed attained is shown in Figure VII - 3. 

(vlx - i0) 
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b 

h 

! 

Equation VII - 9 is then used to calculate the plume width 

(L) as a function of the vapor concentration, as shown in Table 

VII - 3. The table is terminated at a vapor concentration of 

22.3% since the plume density approaches that of the air at that 

concentration, i.e., the plume becomes neutrally buoyant at that 

point and the gravity spread phase of the calculation is terminated. 

TABLE VII - 3 
PLUME WIDTH VS. CONCENTRATION DURING 

GRAVITY SPREAD 

Vapor Concentration, Mole % 

(FROM EQ. VII-9) 

Plume Width, Ft. 

loO 

75 4036 

50 4655 

40 5793 

30 7610 

22.3 10,180 

Equation VII-7 is then used (Feldbauer multiplied this 

equation by 2/3 in order "to fit their data") to calculate the 

relation between plume concentration, plume width, and downwind 

distance traveled during the gravity spread phase as shown in 

Table VII-4. The gravity spread calculation was terminated when 

the plume reached neutral buoyancy, where the plume is predicted 

to be 10,180 feet wide and 40 feet high. 
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TABLE VII-4. RESULTS OF INTEGRATION OF 
EQUATION VII 7 to DESCRIBE GRAVITY SPREAD OF 

VAPOR CLOUD FROM 25,000 M 3 LNG SPILL 

Downwind Distance, 
Methane Mole % Cloud Width, L, ft X, ft 

i00 

75 4036 90.3 

50 4655 128 

40 5793 280 

30 7610 596 

22.3 10,180 1200 ! 

.d 

J 

J 

Source of Dispersion Coefficients 

Feldbauer suggested the use of the following atmospheric 

stability classifications for describing the conditions present 

during their test. Their report implies, but does not 

explicitly state, that they consider these conditions to be 

generally representative of stability to be expected over water. 

Dispersion Coefficients 

Horizontal Coefficient,~y 

Vertical Coefficient,a z 

Atmospheric-Stability Coefficients 

Gifford Pasquill - "C" 

Singer and Smith - "D" 

The API approach is unique in that all other predictions based 

on classical plume models to date have utilized the same atmos- 

pheric stability category for estimating horizontal and vertical 

dispersion coefficients (although Burgess did odify the 

vertical dispersion coefficients to fit his sp±ll data). 

I 

g 

q 
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Provision for Area Source 

Feldbauer's model considers the atmospheric dispersion 

of the vapor cloud to begin with a cloud 10,200 feet wide. 

They suggest that this "source" for the classical model, 

Equation VII-5, is too large to be represented by a point 

source. They assume the source to be represented by a number 

of point sources spread equidistant along a line equal in 

length to the width of the cloud resulting from the gravity 

spread calculation. Following this method, %he dispersion 

in this analysis was assumed to be represented by ii point 

sources, separated by equal distances of 100t feet. Each 

point source was assumed to emit the total vapor flow rate 

obtained for the 25,000 M 3 spill (Q' = 26,00~ ib/sec or 

6.3 x 105 ft3/sec at 70°F, 1 atm) divided by ii. A schematic 

of the arrangement is shown in Figure VII - 4. The downwind 

concentration is a maximum on the centerline of the center 

em 

o 

m 

source. This maximum downwind concentration is computed by 

adding the contribution of all eleven point source plumes to 

the concentration at the given distance on the centerline of 

the center plume. The concentration on the centerline of the 

center plume at any distance downwind is obtained from the 

equation 

C(x,y,z=0) 
± x0 [ ] 

= exp y2 

1 WaY°zU 2Uy2 

(VII - 11) 
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r where y = 

y = 

! 

i 

0 for the center plume and 

i000, 2000, 3000, 4000, & 5000 feet 
for the plumes on each side of the 
center plume 

To calculate the distance downwind to the (average) 5% 

concentration, a distance is assumed, Oy an d ~z are read 

from the Pasquill "C" and Singer and Smith "D" dispersion 

coefficient charts respectively (Appendix I) and Equation 

VII-II is solved for C. This process is repeated, by trial 

and error, until the calculated 

I 5%. The result for a 25,000 M 3 

downwind concentration is 

spill, as shown in Table 

VII - I, is 5.2 miles. The downwind distance to the(time 

i 

average) 2.5% concentration level, calculated using the 

same procedure, is 9.5 miles. 

g 

4 

a 

I 

1' 
! 

! 

'1 

VII-C. PREDICTIONS USING FPC MODEL (7) 

The FPC predictions of LNG vapor dispersion are also 

based on the classical plume dispersion model, Equation 

(V - 2) restated: 

Q~ 
C(x,y,z) - 

~0 ~ U 
yz 

(vii - 12) 

Since the method used by FPC to estimate the vapor flow rate, 

Qn, depends on the extent of gravity spread, it is expedient 

to describe their handling of the gravity spread process first. 
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Allowances for Gravity Spread Effects 

To calculate the pool size and evaporation time for a 

25,000 M 3 instantaneous spill, the FPC staff (7) uses the 

gravity spread relat±ons proposed by Raj and Kalelkar (15): 

EQUATION FOR POOL 
RADIUS (MAXIMUM) r e = 

EQUATION FOR 
EVAPORATION TIME t e = 

3/8 
7.4 V o 

h i/4 

8.8 V o 1/4 

h 1/2 

(VII - 13) 

(VII - 14) 

where r e -- 

t e = 

V O = 

h = 

maximum pool radius, ft 

evaporation time, sec 

volume of spill, ft 3 LNG 

liquid regression rate, in/min 

E~ 

The regression rate is assumed to be one inch pe T minute, 

which is equivalent to a vapor flux of 0.037 ib/ft 2- sec or 

a constant heat transfer rate of approximately 30,000 BTU/hr-ft 2. 

This is consistent with evaporation rates used by other 

investigating groups. For V o - 25,000 M 3 and h = 1 in/min 

the following values were obtained using Equations VII - 13 

and VII - 14. 

MAXIMUM POOL DIAMETER = 2511 feet 

EVAPORATION TIME = 270 sec (4 .5 min) 

The LNG vapor from the liquid pool is assumed to "pile up" 

in a cylindrical volume over the spill. The diameter of the 

pure vapor cylindrical volume is assumed equal to the maximum 
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I 

g 

liquid pool diameter. The pure vapor is assumed to be at 

the LNG boiling point, 112 K, at atmospheric pressure. At 

this condition the specific volume of the vapor is approxi- 

mately 250 times that of the liquid. The height of the pure 

vapor cylinder is calculated from the relation for the volume 

e of a cylinder: 

g 

I 

a 

el 

g 

a 

a 

J 

I 

em 

h 
e 

250 V 
O 

2 
r 
e 

(VII - 15) 

where h = 
e 

v O = 

r e = 

initial height of pure vapor cloud 

volume of LNG spilled, ft 3 

radius of pure vapor cloud, assumed 
equal to the maximum liquid pool 
radius, ft 

For a 25,000 M 3 instantaneous spill the height of the pure 

vapor cloud initially formed is determined from Equation 

VII - 15 to be 45 feet. 

The FPC staff assumes the pure vapor cloud formed over 

the spill site, as described above, spreads out laterally due 

to gravitational forces. The spread of this pure cloud, which 

is assumed to remain pure during the gravity spread process, 

is calculated using the following equation. 

I I12 
- -  = g (VII - 16) 

dt 

where r = cloud radius, ft 

t m time, sec 

K = constant, (K = 2 assumed) 

99 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

g 

p = density of cloud 

PA = :density of'air 

H = :height of cloud, 

= acceleration of gravity, ft/sec 2 

but consistent 

ft 

arbitrary, 
units 

Equation VII - 16 was proposed by Yih (22) as a model for the 

density intrusion phenomenon, such as the movement of a 

cold dense air into warmer air (the movement of weather "cold 

fronts" is an example). It was used later by Fay to describe 

the spread of oil slicks (23) and LNG (24) on water. It can 

be derived from physical first principles if it is assumed 

that the only forces involved in the spread are gravitational 

and inertial forces,' i.e. that surface tension and friction 

forces are neglected. Substitution of the relation H - V/,r 2 

into Equation VII - 16 and integration w{th respect to time 

(assuming V to be constant) gives a relation for cloud radius 

as a function of time. 

layer of 

(VII - 17) 
r = t 

i: 

However, the total Volume of the cloud is assumed to be 

increasing due to heat transfer from the surroundings. It is 

assumed that the entire process is to be followed until the 

cloud density decreases to that of the surrounding air, 

after which time the gravity spread modeling process is ter- 

minated and atmospheric dispersion 

turbulence) is assumed to dominate. 

I00 

(associated with atmospheric 

The temperature at which 
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? pure LNG vapor equals the density of air is assumed to be 

151K. Using the ideal gas law it is assumed that 

dT = dV 

T V 
i 

(Vll - 18) 

I 

during the expansion process. It follows that the final 

a volume of LNG vapor (at 151 K) is related to the initial 

volume of LNG (at 115 K) by the relation 

I 
V N ~ 337 V O 

6 where V N - 

1 
t 

J v = 
I 0 

volume of pure vapor cloud at 151 K 
(neutrally buoyant) 

volume of pure liquid at 115 K 
(boiling temperature of LNG) 

Assuming that the value for V in Equation VII - 17 can be 

reasonably represented by 

Vo + V N 

2 

and that the cloud density, which is also changing, is 

represented by the log mean value, the solution of Equation 

VII - 17 for a 25,000 M 3 instantaneous spill gives the 

following relation for the radius of the spreading cloud as 

a function of time. 

r m 5550 t 

where r = radius of cloud, 

t u time, sec 

ft (VII - 19) 
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The spreading process described by Equation VII 19 is 

terminated at the time the cloud becomes neutrally buoyant 

(T - 151 K). The time required for the cloud to reach 

T = 151 K is estimated by calculating the amount of heat 

required to raise its temperature from 112 K to 151 K and 

dividing that amount by the rate of heat transfer to the 

cloud from the water surface and the air around the cloud. 

The heat absorption required to raise the cloud to 

neutral buoyancy is 

qN 

i 

AT 

(0.5 BTU/Ib R) (151 K-if2 K) (1.8 K/R) 

35.1 BTU/Ib (VII - 20) 

The rate of heat transfer to the cloud is estimated as the 

sum of the heat transfer rates from the water and the 

surrounding air, 

where 

Qw and Qa respectively. 

Q " ~ + Qa 

- KAnT w + hAAT a 

K - thermal conductivity, water 
(3.13 x 10 -4 BTU/meter sec) 

(vii - 21) 

A - area, cloud - water interface, 
5549 v t 

AT w = ~TA ~ IAT2 - ~TII / In 

AT2 m 273 - 112 ~ 161 K 

AT 1 - 273 - 151 - 122 K 

AT 2 

n 

~T I 
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a a = therm~l diffusivity, water 
meter~/sec) 

-7 
(1.42 x i0 

For a 25,000 M 3 instantaneous spill the total rate of heat 

transfer, Equation VII - 21, reduces to 

= 1.32 x 104 t + 2.06 x 105 t 1/2 

where Q = total heat transfer rate to vapor 
cloud, BTU/sec 

t = time, sec 

The total heat transferred up to the time when neutral 

buoyancy occurs (tN) is 

Q =~N ~dt =/o tN 

= 6.6 x 103 t 
N 

= 35.1 W (using Equation Vli - 20) 

where Q = total heat transferred to cloud, BTU 

W = total mass of cloud, lb 

Solving Equation VII 23 for t gives a time to neutral 
N 

buoyancy of 60 sec. From Equation VII - 19 the diameter of 

the cloud at the time when it becomes neutrally buoyant is 

then 3785 feet. 

Summarizing, the condition of the cloud at the end of 

the gravity spread process is estimated to be as shown in 

Table VII - 5. 

TABLE VII - 5. VAPOR CLOUD DESCRIPTION AT END 
OF GRAVITY SPREAD PROCESS - 25,000 M 3 SPILL (FPC) 

CLOUD DIAMETER 

CLOUD HEIGHT = 

CLOUD COMPOSITION = 

CLOUD TEMPERATURE = 

(Vli - 22) 

~ .32 x 104 t + 2.06 x 105 t I/2] dt 

+ 1.37 x 105 t N 3/2 (VII - 23) 

3785 ft 

28 ft 

100% LNG vapor 

151 K 
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Calculation of Vapor Flow Rate 

The FPC's method of calculating the value of the vapor 

flow rate fo - ~se in the classical plume dispersion equation 

is unique. They assume that the pure vapor cloud which 

exists at the end of the gravity spread process (see Table 

VII 5) will release vapor from its upper surface at a 

rate determined by the rate at which heat is absorbed by the 

(now neutral) cloud from the surrounding air. The release 

rate is calculated from the following relation: 

hA 
Qt = 

C 
(VII - 24) 

where h = 

A = 

C = 

From Equation VII 

to be 6250 ib/sec. 

heat transfer coefficient, air to 
cloud (2.99 x 10-3 BTU/m 2 sec F) 

area of top surface of neutrall[ 
buoyant cloud (,rN2 = 1.13 x l0 i ft 2) 

average sensible heat capacity of 
cloud (0.5 BTU/Ib F) 

24 the vapor flow rate is calculated 

Source of Dispersion Coefficients 

The FPC staff estimated dispersion coefficients from 

the correlations presented by Gifford and Pasquill (see 

Appendix I). The data presented in the charts of Appen- 

dix I have been reduced to analytical equation form and 

programmed in a computer subroutine by Zi~merman and 

Thompson (25). 
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411 
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r 

T 

I 

The values of the horizontal and vertical dispersion 

coefficients are determined from the following equations. 

F ] 
ay = 465.1 (X + Xv) tan [c-[d in (X + Xv)] j (VII - 25) 

Q = a X b 

z (VII- 26) 

where a = 
Y 

= 

Z 

X= 

X 
V 

horizontal dispersion coefficient, meters 

vertical dispersion coefficient, meters 

downwind distance, meters 

upwind distance to virtual source, meters 

a, b, c, d - constants derived from curve fit of Gifford 
Pasquill charts (Appendix I) 

The values for c and d 

only. The values of a 

well as stability class. 

reproduced from Zimmerman 

and VII - 8. 

are functions of stability class 

and b are functions of distance as 

Values of a, b, c, d are 

(25) in Tables VII - 6, VII - 7 

TABLE VII-6. VALUES OF a AND b USED IN 
EQUATION VII - 26 FOR D STABILITY CLASS 

Downwind 
Distance (km) 

0.3-1 

1-3 

3-10 

10-30 

>30 

a (meters) 

32.093 

32.093 

33.504 

36.650 

44.053 

b (dimensionless) 

0.81066 

0.64403 

0.60486 

0.56589 

0.51179 
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Downwind 
Distance (km) 

TABLE VII - 7. VALtCS OF a AND 
FOR USE IN EQUATION VII-26 

FOR F STABILITY CLASS 

a (meters) 

b 

b (dimensionless) 

0.2-0.7 14.457 0.7841 

0.7-1.0 13.953 0.6847 

1-2 13.953 0.6323 

2-3 14.823 0.5450 

3-7 16.187 0.4649 

7-15 17.836 0.4151 

15-30 22.651 0.3268 

30-60 27.074 0.2744 

>60 34.219 0.2172 

VALUE. OF c AND 

Stability Class 

D - Neutral 

F - Stable 

TABL~ VII - 8. 

d FOR USE IN EQUATION VII-25 

c (de~rees) d (degrees) 

8.333 0.72382 

4.167 0.36191 

It should be noted that the FPC's published predictions 

of downwind distance to the lower flammable limit (5% 

average) have been based on the assumptions of D-Neutral 

stability meteorological conditions. 
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Allowance for Area Source Effects 

The FPC model accounts for the area source nature of 

an evaporating LNG pool. The area source is treated as 

a virtual point source located at a distance ~pwind of 

the spill which corresponds to a horizontal standard 

deviation ay ° given by the relation: 

Uy O = D'/4.3 (VII-27) 

where ay ° = standard deviation at spill site 

equivalent to area source width 

D' = width (diameter) of area source at 
spill site 

Equation VII - 27 effectively treats the area source as 

a cross wind line source with a normal distribution, and 

was suggested by Holland (26) and Turner (27). 

For a 25,000 M 3 instantaneous spill, the FPC estimate 

for D' is 1154 meters (3790 ft). Equation VII - 27 then 

gives a value of OYo 268 meters (880 ft) From 

Equation VII - 25 the virtual distance, K v, is determined 

to be X = 4.0 km for D-Neutral condit/ons. 
v 

Applying the classical plume dispersion equation 

(Equation VII - 12) to the centerline condition (y=0), at 

an effective emission height H, 

O' 
C(x,y=O,z=H) = 

,aya z 

- H 2 ] 
exp _----2- 

2Cz J 

(vlz-28) 
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The effective emission height is determined from the relation 

H = VAvg / ~r2Avg = 10.1 meters (VII-29) 

where = time averaged volume of pure cloud 
VAvg during gravity spread, equals 7.39 X 

106 M 3 

rAvg = (577 + 383)/ 2 = 480 M (average of 
initial and final gravity spread 
radii 

substituting values for H and Q' determined above, with 

u = 5 MPH (2.24 M/sec) into Equation VII - 28 and utilizing 

the relations for Oy and Uz given in Equations VII - 25 

and VII - 26 and Tables VII-6, VII-7, and VII-8 for the D 

stability class, the following relation is obtained: 

2,838,000 exp 

2 3 3 X 0.644 

2] 
C = 

(VII-30) 

(465.1) (x+4.0)tan [8.333-(0.7238 in(x+4.0))](32.09)X 0"644(2.24) 

where C as in gm/M 3 

By trial and error, the solution of Equation VII-30 for X, 

the downwind distance to the average 5% concentration level 

(36.6 gm/M 3) following instantaneous release of 25,000 M 3 of 

LNG during D-Neutral weather conditions, is found to be 1.2 km 

or 0.75 miles as shown in Table VII-I. 

VII-D. COMPARISON OF RESULTS 
BASED ON STEADY RELEASE MODELS 

The downwind distances to the time average 5% concentration 

level calculated for a 25,000 M 3 instantaneous spill using the 

108 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

B 
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m 
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I 

a 

a 

g 

a 

I 

I 

models proposed by Burgess (1,2), Feldbauer (3) and the FPC 

staff (7) are plotted in Figure VII-5 as a function of vapor 

release rate used in the predictions. The largest predicted 

distance, 50 miles, obtained by Burgess using a vapor flow 

rate equal to his predicted peak evaporation rate is almost 

70 times greater than the distance of 0.75 miles predicted 

by the FPC staff. The downwind distances calculated using 

Burgess' model with a vapor flow rate equal to his predicted 

average evaporation rate and with Feldbauer's model lie in 

between. 

Burgess' model does not account for area source effects 

or effects due to gravity spreading immediately following the 

spill. Furthermore, his predictions for the "worst case" 

25,000 M 3 instantaneous spill assume very stable meteorological 

conditions. Burgess used Singer and Smith's dispersion 

coefficients for the D-gustiness category which a~e a close 

approximation to the most stable weather category (F) of 

Pasquill (see Appendix i). The uppermost line in Figure 

VII-5, drawn through Burgess' predicted values, therefore, 

represents a "worst case" downwind distance to the 5% 

concentration level as predicted by the classical point source 

steady plume dispersion model. The extreme effect on these 

predicted distances of the values used for the dispersion 

coefficients ~y and a z is seen when the same calculations are 

carried out for weather conditions described by Burgess as 

B2-gustiness classification (representative of unstable 

meteorological conditions). The lower line of Figure VII-5 

representsthe downwind distance to the 5% concentration 
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i 

level calculated using the Burgess' model for B2-gustiness 

category classification with the values of a z set equal to 

0.26 to better describe the vertical dispersion of the 
Y 

dense LNG vapors. 

All of the predictions of the downwind distance to 

the 5% concentration level fall inside these two lines, 

and the reasons for the different values predicted are 

indicated by the location of the particular prediction in 

relation to these two "bounding cases". 

The prediction by Feldbauer of a downwind distance 

of 5.2 miles can be attributed to two factors. First, 

the estimate of a much lower vapor flow rate due to the 

assumption of accumulation of the vaporized LNG over the 

spill site leads to a shorter distance. Secondly, the 

treatment of the vapor source as a line source almost 

2 miles wide markedly reduces the downwind distance below 

that which would be predicted using a point source. Since 

this llne source width results directly from their treatment 

of the gravity spread phase, the API allowance for gravity 

spread is a strong factor in the shorter predicted distance. 

It might be expected that API's use of atmospheric stability 

category Pasquill - C in the horizontal and Singer and Smith 

D in the vertical direction would result in a much shorter 

distance than would have been obtained if the Singer and 

Smlth horizontal stability category D had been used. However, 

this is not the case. Calculations were made to determine 

the difference in downwind distance which would be obtained 

111 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

using the Singer and Smith D stability category for determining 

the horizontal as well as vertical dispersion coefficients. 

The distance was calculated to be slightly shorter than 5.2 

miles. This surprising result can be explained by referring 

to Figure VII-6. Figure VII-6-a is a schematic representation 

of the additive nature of the point Sources representing the 

10,400 feet line source previously described, using the 

dispersion coefficients suggested by Feldbauer. Figure VII-6-b 

is a schematic representation of the additive nature of the 

point sources representing the 10,400 feet line source, using 

horizontal (as well as vertical) dispersion coefficients 

representing Singer and Smith D stability category. Since 

the horizontal dispersion of the individual point source 

plumes is reduced, the plumes to either side of the center 

plume contribute less to the center plume, and the downwind 

distance along the centerline plume, which is the maximum, 

is correspondingly reduced. Hence, Feldbauer's predicted 

distance of 5.2 miles should properly be attributed to the 

lower vapor production rate and the large gravity spread 

effect. 

The smallest downwind distance to the 5% concentration 

level, 0.75 miles predicted by the FPC staff, can be 

attributed primarily to two factors. First, the low value 

utilized for the vapor flow rate, 143,000 ft3/sec (70°F, 1 atm), 

is the primary reason for the short distance predicted. 

Secondly, the use of Pasguill D stability category dispersion 
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coefficients rather than the "worst case" F coefficients 

also contributes to the shorter distance. The correction for 

the area nature of the source resulted in a less important 

reduction in the predicted downwind distance. 
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I 

VIII. VAPOR DISPERSION PREDICTIONS BASED ON SOLUT[[ON 
OF COMBINED ENERGY, MOMENTUM, AND MASS BALANCE EQUATIONS - 

SCIENCE APPLICATIONS, INCORPORATED MODEL 

m 

i 

q 

Science Applications, Inc. (SAI) has made predictions of 

dispersion of LNG vapor from large LNG spills on water in a 

series of risk assessment studies done for Western LNG Terminal 

Company (8). SAI's approach involves solution of the system 

of equations representing the accountability of mass, momentum, 

and energy associated with an LNG spill. Equations VIII-l, 

VIII-2, and VIII-3 are balance equations for mass, momentum, 

and energy respectively, restated as follows: 

Accountability of Mass 

~_q0 = - V.pv (VIiI-la) 
8t 

~C = - V-Cv (VIII-ib) 
%t 

Accountability of Moment~um ~ - ?~- T~ 
/ 

~ = - V'~- V'~ + p~ (VIII-2) 

I Accountability of Energy 

~0H = - V'0Hv - V'q + DP - :V (VIII-3) 
~t Dt 

i 
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where P 

H 

V 

= density of gas-air mixture 

= enthalpy (energy content) of gas-air 
mixture 

= velocity vector, decomposable into 
components u, v, w 

q = heat transfer vector, decomposable 
into components qx, qY, qz 

T 

P 

t 

g 

= A stress tensor, decomposable into 9 
components 

~XXtTxytTxz'Tyx,Tyyt Tyz,Tzx,Tzy,Tzz 

= pressure 

= time 

gravity force vector, 
into components gx = 

de compos able 

0, gy = 0, gz = 

32.2 ft/sec 2 

= s~stantial derivative operator, 

Dt 

+v.V 

Solution cf Equations ~II- i, 2, 3 with appropriate 

bo~da~ conditions describing the ~G vapor source, the air 

t~perature ~d humidity, ~d the heat transfer between the 

gas-air mixture and its surro~dings should provide a complete 

description of the vapor cloud development and dissipation. 

The following section describes SAI's s~plification 

of Equations ~II- i, 2, 3, assig~ent of bo~da~ ~nditions, 

and specification of input da~. 

116 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

m 

I 

O 

Accountability of Mass 

Neglecting molecular diffusion in Equation VIII-Ib and 

expanding: 

(VIII-4a) 

a 

(VIII-4b) 

Accountabilit Y of Momentum 

O 

m 

Equation VIII-2 is expanded, with vertical accelerations 

and viscous forces neglected in the equation for accountability 

of vertical (Z) momentum: 

"1 F 
apu = -I a 0uu + a 0uv + ~ 0uwl 

J 

o 

F ] 
-I a + 8 ~ + 8 Tzvl - ~P TXX ~-~ yx ~---Z "~J a--'X" L 

I ] 
aov = - /  a ouv + a ~ w  + a ~vw/  

J 

( V Z Z Z - 5 a )  

I 

Q 

] F 
-| ~ Txy + ~ Tyy + ~ Tzy| - 3P 

L (VIII-5b) 

g 

i 
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0 = - ~B + pg (VIII-5c) 
8z 

Accountability of Energy 

The energy balance is simplified by neglecting viscous 

dissipation (heating due to fluid friction) and heat trans- 

fer by conduction (heat transfer due solely to temperature 

gradients), represented by the terms T :vv and V.q 

respectively, in Equation VIII-3. 

8~t = - V'pHv + D P (VIII-6) 
Dt 

The fluid motion to be described is turbulent. 

Following standard practice, the variables velocity, 

enthalpy, concentration, and pressure are expressed as 

the sum of a mean, or time averaged, component and an 

deviation from that mean value, as follows: instantaneous 

V = V + ' 

U = ~ + U' 

V = V + V I 

W m W + W I 

H = H + E' 

C = C + C' 

p = p + p' 

(VIII-7) 

Substituting Equation VIII-7 into Equations VIII-4, 5, 6, 
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taking time averages, and noting that ~' 

E:' - ~ '  =0, 

= ~ ,  = ; ,  = ; ,  . ~ ,  . 

E L ~ ~ r~ J 

_ [ _ _ _  ] - 
aC - - ~ aC + v aC + ; aC - V'(C'v') (VIII-Sb) 

a 

g 

g 

0 

i 

m 

r 1 
- / a + a : y x  + a T z x / -  a9 T~ Txx ~ ~'~ J T~ l 

t 

- E  T~ ~E 

r "1 
- / a pv- l -~ r + a pv- l -q  r + a pV -WT/  

L J 

g 

.m  

r 
- | ~ ~xy + 9 Tyy + a " C z y | -  ~tP 

~ ~ j L 
L 

ii 

el 
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0 = - --~P + Pg (VIII-9c) 
~z +-: 

-- ---ac- 

~O.__~H = - V ' p H v  ~ - V ' p H ' i r ' - +  D.~P ( V I I I - I O )  

~t Dt 

where the subscript £ in Equations VIII-ga, 

denotes "laminar" shear stresses. 

9b, 

The 

and 

ideal gas equation of state is used to relate density 

temperature : 

P 
p - 

nRT 
(VIII-11) 

where p - density of gas-air mixture 

P = pressure 

R = ideal gas constant 

T = temperature 

n = moles of gas mixture, [~al-C + .u~ ~-~] 

M a = molecular weight of air, 29 

M m = molecular weight of methane, 16 

This formulation assumes the pressure is equal to the sum 

of the partial pressure of air and methane and neglects any 

contribution by water to the pressure. 
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g 

a 

a 

The enthalpy of the mixture of water vapor (or ice), 

methane and air is assumed given by the expression: 

H = [Ca(I-~)+ Cm~] T + WLo(I-C)f(T) (VIII-12) 

where C a = heat capacity of air, 0.24 cal/gmJC 

C m = heat capacity of methane, 0.52 cal/gm~'C 

W = mixing ratio of water vapor in air 

L O = latent heat of condensation and freezing 
of water (675 cal/gm), assumed to occur 
over a temperature range of -I~c to I~C 

a linear function representing the 
temperature dependence of the phase 
transition 

i 

g 

g 

d 

i 

The system of Equations VIII-8, 9, 10, II, 12 cannot 

be solved without relating the terms involving the velocity, 

concentration and enthalpy deviations (the primed quantities 

in Equations VIII-8, 9, 10) to the mean values of those 

quantities. This is known as the "closure" problem of 

turbulence modeling. The simplest form of "closure" which 

has been proposed (the so-called First-0rder closure) assumes 

that the product of the deviation variables are proportional 

to the gradient of the associated mean values of the same 

variables. This method is used by SAI in their model for 

LNG vapor dispersion. Specifically, the following relations 

are assumed : 

pu--T-~r = Kxl 

pu'v'- = Kx2 ~_~u 
~Y 

(VIII-13-a 

em 
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au 
p ~  = Kx3 ~-{ (vIII-13-a) 

pv'u' = Kx4 a_~ 
ax 

p ~  - Kxs a_~ 
ay 

a~ pv'w' = KX6 

pH'u' = pc-~T1u ' = - k x a_~T 

ax 

QH--ffr~ r = pcTr~ ~ = - ky aT (vIII-13-b) 

pH--~ -- pcT--Y~ ~-- - kz a! 
az 

= - K' BC 
x a--x (v' -I-13-c) 

= - K' ac 
Y 

WrC' = - K' BC 
Z -- 

az 
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g 

I 

and Kxl = Kx2 = Kx4 = Kx5 = K H 

Kx3 = Kx6 = 

k x = k y  = k H 

k z = 

K' = K' = K~ 
X y 

• K' = K' 
Z V 

(VIII-14-a) 

(VIII-14-b) 

(VIII-14-c) 

O 

where K = "eddy viscosity" 

k = "eddy thermal conductivity" 

K'= "eddy diffusivity" 

c = heat capacity 

subscript H denotes horizontal 

subscript V denotes vertical 

Substituting Equations 

9, i0) and neglecting laminar shear stresses, 

equations result. 

~t 

+ ~ K H aC + 
~x 

(VIII-13, 14) into Equations (VIII-8, 

the following 

J 
- ] 

~Y ~Y 

(VIII-15-•) 

(VIII-15-b) 

a 
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(VIII-16-a) 

-[ ~ K H 8u + ~ K H ~u + ~ K v ~u]- ~P 

~-x ~ ~-z (VIII-16-b) 

-[ ~ K H ~v + ~ K H ~v + ~ K v ~ - ~P 

~P = - Pg (VIII-16-c) 
az 

= - ~ _~ pHv + 

at ~ ~y 8--{ (VIII-17) 

-[~-~ kH 8T + 8 k H ~ + 8 k v ~TI + D~ 

Equation VIII-17 is further simplified by assuming 

?'$ = 0 (neglecting compressibility of the gas-air mixture). 

Then 
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I 

and Equation VIII-17 becomes 

O 

i 

i 

i 

a 

F 

~t L ~x ~y ~z (viii-i•) 

where r , the adiabatic lapse rate (vertical temperatura 

gradient for a neutrally stable atmosphere), is 

included to insure that a "neutral" atmosphere 

is not perturbed by the turbulent diffusion. 

Since the hydrostatic approximation (Equation VIII-16-c) 

provides a relation between the pressure and altitude, it can 

be used to transform the preceeding equations so that pressure 

is an independent variable and altitude is a dependent 

variable. Furthermore, a dimensionless pressure, ~ , can be 

defined as follows: 

I 

a 

g 

I 

a 

where 

G -- P-PT = P-PT 

Ps-PT T (viii-20) 

a = dimensionless pressure 

9 = mean local pressure 

= pressure at earth's surface, may depend 
on position and time 

~= pressure at upper boundary of atmospheric 
region being considered 
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Transformation of Equations VIII-15, 16 and 19 to 

the x, y, ~, t coordinate systems gives the following system 

of equations to be solved 

B'~ + ~ (nu) + ~ (n~) + B (rfc) = 0 ( V I I I - 2 1 )  

t 9  

Bx p 

+ B--~B [K H ~Bu] + @-~B [K H ~B[] 

(VIII-22) 

p 8y] ~2 BO 
(VIII-23) 

+ ~ k H 

(VIII-24) 
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a 

G 

(VTII-25) 

P 
I (VIII-26) 

d 

o~ + PT 

KMr Mml-  + 

i 

a 

m 

m 

I 

= [ Ca(l-~) + CmCI ~ + WL°(I-C)f(T) (VIII-27) 

where ~ = gz 

and D = ~ + u ~ + v ~ +~ 
Dt 3t ~-x ~y Do 

(substantial derivative 
operator in x, y, ~ , t 
coordinate system) 

The "mathematical" problem of LNG vapor dispersion 

consists, therefore, of solution of the set of Equations 

VIII-21 through VIII-27 with appropriate boundary conditions, 

using finite difference (digital computer) methods. A 

circular LNG spill shape is assumed. A three dimensional 

(x, y, ~ ) grid system is laid out to enclose the volume of 

the atmosphere into which the LNG is evaporated from the 

spill. Due to the symmetry of the assumed spill and the 

resulting symmetry of the dispersion process, only half of 

the vapor cloud development need to be described. A reflective 

boundary condition is therefore incorporated at a vertical 
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plane through the center of the spill coincident with the 

wind direction. The grid system is illustrated in Figure 

VIII-I. Figure VIII-I also illustrates the type of 

boundary conditions applied to the boundaries of the grid 

system (28). 

As stated previously, SAI assumes that turbulence 

associated transfers of mass, momentum and energy (heat) 

are proportional to the local gradients in mean concentration, 

velocity, and temperature, respectively, in the flow field. 

An immediate requirement is specification of the eddy 

transfer coefficients: 

= horizontal "eddy diffusivity" 

K' = vertical "eddy diffusivity" 
V 

K H = horizontal "eddy viscosity" 

K v = vertical "eddy viscosity" 

k H = horizontal "eddy thermal conductivity" 

k 
V 

= vertical "eddy thermal conductivity" 

SPECIFICATION OF EDDY TRANSFER COEFFICIENTS 

The key process in SAI's specification of the eddy transfer 

coefficients is the method of specifying the value of the 
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4= Ou'/Oo = 0 T = Too 

a~/ao = 0 

A L O N G  TH IS  B O U N D A R Y ,  o = O, 6 = 0 
a 

I ~_=~ 
' ;(o) 

. 

a 

g 

I 

g 

m 

I 

n 

A L O N G  T H I S  
B O U N D A R Y  

~" = ~ ' (o )  
u ' = O  

~ =  0 

T = TH2 0 

0 
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Y 
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a 

Figure V I I I - 1 .  DESCRIPT ION OF SAI " S I G M E T "  G R I D  
S Y S T E M  A N D  B O U N D A R Y  C O N D I T I O N S  
USED FOR LNG VAPOR DISPERSION 
P R E D I C T I O N  
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vertical "eddy viscosity coefficient", K v. All of the 

remaining eddy transfer coefficients are determined from 

the values assigned to K v. 

The prediction of the vertical eddy viscosity coeffi- 

cients K V by SAI is based on a method proposed by Hanna (29). 

This method assumes that the vertical mixing efficiency of 

the atmosphere (which is quantified by the value of KV) is 

dependent on the mean eddy sizes and the amounts of turbulent 

energy carried by the eddies. Since the eddy sizes and 

amounts of turbulent transfer associated with eddy movements 

are related to the energy spectrum of the vertical fluctua- 

tions of the wind speed, it is hypothesized that the eddy 

viscosity K v should be dependent on the characteristics of 

the vertical velocity spectrum of the atmosphere. Hanna 

assumes that the vertical velocity spectrum can be completely 

determined by two quantities; the standard deviation of the 

vertical fluctuations of the wind velocity,~ w, and the wave 

number at which the amount of vertical turbulent energy is a 

maximum, k m. Based on these arguments, Hanna proposed the 

following relation. 

KV = Cl a w km -i 

For nearly neutral conditions near 

Panofsky (30) proposed that 

K = 0.4 u, Z 

(VIII-28) 

the ground, Lumley and 

(VIII-29) 

130 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

a ~w = 1.3 u. (VIII-30) 

k = 0.3 (viii-31) 
m 

z 

g 

where u, = friction velocity 

z = vertical distance 

i 

i 

I 

I 

g 

i 

I 

i 

am 

g 

Assuming Equation VII-29, 

the constant in Equation VII-28 is 

K v = 0.09 ~w km-i 

Taylor et al. 

30, 31 along with Equation VII-28, 

0.09: 

(VIII-32) 

(31) have reported the following 

correlation between atmospheric turbulence scale length L 

and k m derived from spectra of vertical air velocity measured 

from aircraft at heights between I0 and 1300 meters. 

L k m = 0.216 (VIII-33) 

SAI assumes L k m = 0.20. 

Equation VII-32, 

K = 0.45 ow L 
V 

= 0.45 ~ & 

where u = 

% = 

Incorporating this expression into 

L 
(VIII-34) 

local mean velocity 

standard deviation of wind direction 

Using the data of Taylor et al. (31) SAI proposed the correla- 

tion shown in Table VIII-I to describe the dependence of scale 

t, 
m 

4 
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length on vertical distance, with atmospheric stability category 

as a parameter. 

TABLE VIII-I 
CORRELATION OF TURBULENCE SCALE 

LENGTH, L, WITH HEIGHT AND ATMOSPHERIC 
STABILITY PROPOSED BY SAI 

HEIGHT (meters) STABILITY CATEGORY 

A B C D E F G 

10 18 15 12 10 8 7 6 

20 30 25 21 18 16 14 12 

30 41 34 29 25 22 20 17 

50 62 52 44 39 35 31 27 

75 84 71 60 52 48 43 37 

100 105 85 74 64 60 54 46 

SAI proposed the correlation shown in Table VIII-2 

between the standard deviation of the wind direction, ~, and 

vertical distance, with atmospheric stability category as a 

parameter. 
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Q 

TABLE VIII-2 
CORRELATION OF STANDARD DEVIATION OF 

WIND DIRECTION, ~ , WITH HEIGHT AND ATMOSPHERIC 
STABILITY PROPOSED BY SAI 

J 
STABILITY CLASS (i0 M) (30 M and I00 M) 

A 0.200 (radians} 0.262 (radians) 

m B 0.185 0.237 

C 0.157 0.184 

i 
D 0.117 0.119 

E 0.061 0.056 
i 

F 0.028 0.023 

m G 0.012 0.009 

g 

m 

i 

a 

I 

i 

O 

i 

i 

The correlation shown in Table VIII-2 was developed by SAi based 

on data presented in the Shoreline Diffusion Program by Smith 

and Niemann (32). The vertical eddy viscosity coefficient, K V, 

can be specified using Equation VIII-34 and Tables VIII-I and 

VIII-2 if the vertical height, atmospheric stability category 

and local mean velocity are known. 

Therefore, SAI assigns a value of K v, the vertical eddy 

viscosity, at each grid point of their numerical solution based 

on the vertical height and local velocity calculated at that 

point and the atmospheric stability category which is assumed 

to characterize that location. In order to assign an atmos- 

pheric stability category at a given location at a given time, 

SAI uses the method proposed by Smith and Howard (33) in which 

the atmospheric stability category is correlated with the 

vertical temperature gradient. 
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SAI applies the classical Reynolds analogy to equate the 

turbulent transfer coefficients for momentum, mass and energy. 

The components of the vertical eddy viscosity coefficients 

are also assumed equal. (see Equation VIII-14a) 

Hence 

Kx3 = Kx6 = K v 

k z ~ K s - K V and 

(VIII-35) 

Finally, SAI assumes equality of turbulent transfer 

coefficients for momentum, mass, and energy in the horizontal 

plane and assumes the x and y components of these coefficients 

equal, hence 

and 

Kxl = Kx2 = Kx& = Kx5 = K H 

k x = ky = k H 

# 

k H - K~ - K H 

P I The horizontal transfer coefficients (k H - K H K H) are then 

estimated from the ratios of horizontal to vertical transfer 

coefficients shown in Table VIII-3. Table VIII-3 indicates 

enhancement of vertical "diffusive" power of the atmosphere 

relative to horizontal diffusive power when the atmosphere is 

unstable. The ratios in Table VIII-3 are based on proprietary 

field data obtained by SAI. 

TABLE VIII-3. RATIO OF HORIZONTAL AND VERTICAL 
DIFFUSIVITIES VERSUS STABILITY CLASS 

PASQUILL STABILITY CLASS 

D E F 

RATIO 

KH 
1.0 I0 25 

ia4 
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I SPECIFICATION OF VAPOR RELEASE RATE 

g 

a 

g 

SAI assumed that the liquid pool resulting from an 

instantaneous release of LNG onto water is circular and increases 

in size as described by the following equation: 

where r = pool radius, ft 

t 

g 

Pw, Pl 

(VIII-37) 

= time, sec 

= gravitational acceleration, ft/sec 2 

= densities of water and LNG, respectively, 
any consistent units 

h = pool depth, ft 

eI 

i 
I 

:I 

Equation VIII-37 is used to describe the growth of the spill 

pool until a minimum pool thickness is reached at which time 

the pool is assumed to break up. The minimum pool thickness 

is determined from the relation proposed by Feldbauer et al. 

(3) based on API sponsored Matagorda Bay test data: 

Zmi n = 0.0017 D 0"56 

where Zmi n = minimum pool thickness, ft 

D = pool diameter, ft 

Following pool breakup, the evaporation rate is assumed to 

decrease according to the following relation also proposed by 

(VIII-38) 

Feldbauer (3): 
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W ~ WMA x exp [-0.04pZmin (t-tMAX) ] (VIII-39) 

where W 

WMAX 

P 

tMAX 

Equations VIII-37, 

evaporation rate, 

= evaporation rate at time t, ib/sec 

= evaporation rate at time of pool 
breakup, ib/sec 

= LNG density, Ib/ft 3 

= time of pool breakup, sec 

38, 39 are used to calculate the pool 

assuming a constant boiling rate per unit 

area of 0.04 ib/ft 2 sec. 

Independent calculations by the author of the vapor 

dispersion following a 25,000 M 3 instantaneous spill were not 

possible due to the proprietary nature of SAI's computer 

programs. SAI has not published calculated results 

for a 25,000 M 3 spill. Therefore, SAI's results for a 

37,500 M 3 instantaneous spill are discussed here for comparison 

with the previous estimates. Table VIII-4 shows SAI's 

predictions, based on Equations VIII-37, 38, 39, for liquid 

pool size and evaporation rate for a 37,500 M 3 instantaneous 

spill onto water. Table VIII-4 shows total vapor production 

rate as a function of time. In SAI's computer simulation, the 

evaporating pool is represented as a variable area source by 

simulation of LNG vapor addition to the atmosphere at the 

appropriate grid points indicated in Figure VIII-l. 

The downwind distance to the time average 5% vapor 

concentration for a 37,500 cubic meter spill in a 3 m/sec 
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m 

g 

(6.7 mph) wind calculated using SAI's model(as reported by 

SAI)is 1.2 miles. 

I 

m 

J 

g 

TABLE VIII-4. EVAPORATION RATE 
AND LIQUID POOL RADIUS PREDICTED BY SAI 

FOR 37,500 M 3 INSTANTANEOUS LNG SPILL ONTO WATER 

Time, sec Pool Radius, ft 

50 620 4.9 

e i00 869 8.7 

150 1050 14.0 
g 

200 1184 17.8 

250 1184 11.6 
g 

300 1184 6.8 

• 350 1184 3.9 

450 1184 13.4 

520 1184 6.3 

VAPOR 
PRODUCTION RATE 

Ft3/sec at 70F, 
ib/sec 1 atm 

x 104 1.2 x 106 

x 104 2.1 x 106 

x 104 3.3 x 106 

x 104 4.2 x 106 

x 104 2.8 x 106 

4 
x i0 1.6 x 106 

x 104 9.3 x 105 

x 103 3.2 x 105 

x 103 1.5 x 105 

a 

d 

m 

I 

g 
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IX - ASSESSMENT OF LNG VAPOR DISPERSION PREDICTABILITY FOR 

CATASTROPHIC SPILLS ONTO WATER 

Published predictions of LNG vapor cloud formation and 

dispersion following a catastrophic spill of LNG on water can 

I 

1 
i 

t 

be categorized as follows: 

i. Predictions which utilize classical air pollutant 

dispersion models originally developed to describe relatively 

near-field dispersion of neutrally buoyant materials. These 

models are based on the general observation that the concen- 

tration profiles downwind of a pollutant source are reasonably 

accurately represented by a Gaussian or normal distribution. 

This model type is further subdivided to describe two 

different dispersion phenomena: 

i , 

I 

L • 

I 
t 

i 

a. Dispersion of an essentially instantaneous 

release of a given amount of pollutant into the atmosphere, 

the dispersion being associated with the growth of this 

instantaneously released "puff", or cloud, as it is being 

translated by the wind. 

b. Dispersion of material which is being emitted 

at a conti~.aous, steady rate forming a "plume" downwind of 

the emission source. 

2. Predictions based on solution of the combined mass, 

momentum and energy balance equations. The classical air 

pollutant dispersion equations of category 1 above are a 

138 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

el 

I 

em 

t 

g 

I 

m 

I 

J 

J 

special case where energy effects and momentum effects are 

not explicitly considered. In cases where the material 

added to the atmosphere has a substantially different tempera- 

ture and density than that of the atmosphere consideration of 

energy and momentum effects can be important. 

Comparison of published predictions of the downwind 

travel of flammable gas-air mixtures following the instantaneous 

release of 25,000 cubic meters of LNG onto water identifies the 

sensitivity of such predictions to the following factors. 

a. Characterization of atmospheric stability 

b. Allowances for area source effects 

c. Specification of vapor release rate 

d. Allowances for gravity spread/air entrainment effects 

The choice of atmospheric stability category assuI~ed 

applicable to the accident scenario strongly affects ~*e 

downwind distances predicted using models based on the classical 

pollutant dispersion equations. The use of stability 

characterizations other than those representing "inversion" 

or very stable conditions for "worst case" evaluation is 

difficult to justify, in the author's opinion, since the 

latter may Occur frequently. 

Allowances for area source effects incorporated with 

the classical pollutant dispersion equation models rely on 

specification of a point "virtual" source (CHRIS, Germeles 

and Drake, FPC), or line source representation 

the predictions shown herein. Incorporation of 

techniques affects the predicted distances more 

(Feldbauer) , for 

these 

for unstable 
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weather conditions than for stable 

correction 

percente 

conditions, since the 

for the initial spreading effect is a smaller 

.f the total distance in t latter case. 

This review shows that much of the variation in 

predicted downwind distances is due to differences in 

estimation of the rate of vapor flow into the atmosphere. 

For example, the shortest distance predicted for an 

instantaneous 25,000 cubic meter spill is 0.75 miles by 

the FPC staff. This short distance can be viewed as resulting 

primarily from the low estimated rate of vapor flow into 

the atmosphere and to a lesser but still important degree 

from the use of neutral weather stability dispersion coeffi- 

cients. It should be noted that the FPC model predicts an 

evaporation time of only 4.5 minutes for a 25,000 M 3 

instantaneous spill which corresponds to an average vapor 

production rate approximately the same as predicted by the 

ADL - CHRIS model. However, the FPC staff assumes that this 

vapor "piles up" above the liquid pool in pure form and only 

begins to enter the atmosphere after the cloud becomes 

neutrally buoyant (i.e. when its density reaches that of the 

air), during which time it spreads as a pure cloud to a 

diameter of 3,785 feet. The FPC then assumes the rate of 

vapor "release" from this pure cloud to the atmosphere is 

limited by the rate of heat transfer from the surrounding 

air to the cloud's up: er surface. This assumption results in 

a vapor release rate of 6,250 Ib/sec, which indicates the 
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cloud would release vapor from its top surface at this steady 

rate for almost 18 minutes. There appears to be no technical 

justification for this description of the vapor flow rate and 

it is considered by the author to be unacceptably low. 

Furthermore, as long as the classical air pollutant dispersion 

models are used, there does not appear to be any valid reason 

why the worst case atmospheric stability conditions should not 

be used to predict the maximum downwind distance. For these 

reasons, the short distance predicted by the FPC staff cannot be 

accepted based on their technical arguments. 

LNG vapor, when it is initially formed at the boiling 

pool surface, is at a temperature of about -260°F and the 

vapors at this temperature are almost 1 1/2 times as heavy 

as air. When large quantities of this dense vapor are 

rapidly released into the atmosphere the cloud formed should 

tend to remain close to the water surface, i.e~, its 

vertical dispersion should be suppressed. The experimental 

spills which have been made on water to date (i, 2, 3, I0) 

confirm this behavior. Fay (6), Germeles and Drake (4), 

Burgess (i, 2), Feldbauer (3) and the FPC (7) have 

all attempted to modify or augment the classical pollutant 

dispersion models to account for this effect. However, the 

methods used for this purpose by these groups are not 

similar, and the predicted effect on dispersion directly 

attributable to gravity spread action varies from slight 

r 
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(Fay, Burgess, FPC) to very large (Feldbauer). The results 

obtained from the Germeles and Drake mod~ 1 are sensitive 

to the numerical values of the parameters which relate to 

the gravity spread phase and its associated air entrainment. 

An important pattern can be recognized in the techniques 

surveyed that are based on classicai air pollution dispersion 

models. Where gravity spread has been considered along with 

air entrainment by the advancing gravity spreading cloud, 

results show that inclusion of both effects can markedly 

reduce the prediction of downwind travel to the lower flam- 

mable limit for very large, rapid spills. Variation of 

the air entrainment parameter in Germeles and Drake's model 

by a factor of 5 results in prediction of the average cloud 

concentration dropping below the lower flammable limit 

during the gravity spread phase of a 25,000 M 3 instantaneous 

spill. Although variation of the air entrainment parameter 

by a factor of 5 upward (and i0 downward) may not represent 

a physically realizable range, it do~s show the sensitivity 

of the resulting prediction to the numerical quantification 

of the air entrainment. In view of the suggested sensitivity 

of the result to the degree of air entrainment by the spreading 

cloud, the importance of correctly modeling the dispersion 

of the cloud associated with gravity spreading of the dense 

cloud is apparent. 

If gravity spreading induced effects are not considered 

to be important, classical models suggest that substantial 

downwind travel of the cloud will occur before the concentration 
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decreases to the non-flammable range. Furthermore, the 

predicted downwind distance to the lower flammable limit 
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following very large spills of LNG appears to depend strongly 

on the degree of dispersion attributed to the initial gravity 

spread phase. 

In the author's opinion future attention should be 

centered on the development and verification of models which 

include some explicit procedure for describing the early 

development of the cloud, including a method for quantifying 

the air entrainment which may be associated with gravity 

spread induced turbulence. The Germeles and Drake model and 

the SAI model both address this need; Burgess' model, Fay's 

model, the FPC model and the CHRIS model do not. The model 

suggested by Feldbauer provides for mixing of air and vapor 

during gravity spread by assuming the cloud depth to remain 

constant during the spreading process. This approach appears 

to be based on the experimental observations of Feldbauer, 

and the validity of extension to very large spills is uncertain 

It is also the opinion of the author that any model to 

be used for predicting the dispersion of vapor from very 

large spills should take into account energy effects 

associated with mixing LNG vapor and air. Furthermore, 

since the most important question concerning the 

validity of previously used models concerns the degree of 

dispersion which may result due to the action of the cloud 

itself (i.e. by gravity spreading and associated air entrain- 

ment), future attention should be centered on development of 
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models which are capable of accounting for simultaneous effects of 

energy transfer, gravity induced spreading, and turbulent 

diffusion. The Germeles and Drake model accounts for gravity 

spread effects, energy effects associated with mixing LNG 

vapor and air, and air entrainment, utilizing a lumped para- 

meter approach which assumes the developing cloud to be 

spatially uniform (but changing with time) during the gravity 

spread phase. The Germeles and Drake model provides a 

framework for inclusion of important physical effects, even if in 

a simplified form. The SAI model accounts for gravity spread, 

energy effects associated with mixing LNG vapor and air, and 

air entrainment by solving a less simplified form of the mass, 

energy and momentum balances. In this regard, the SAI 

technique provides several advantages as follows: 

i. The technique allows for a representative descrip- 

tion of the true transient nature of the spill phenomena. 

For example, the rate of vapor production from the spill can 

be represented in a much more realistic time varying form. 

2. Inclusion of the energy balance equations allows 

description of the temperature development of the cloud in a 

more realistic way. In the SAI method, the temperatures and 

concentrations in the cloud are considered to be functions of 

both £ime and location, whereas even the most sophisticated 

previous models (Germeles and Drake) assume the cloud tempera- 

ture and concentration during the initial phase of development 

to be uniform while varying with time. 

3. Phenomenological relationships, particularly the 
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coefficients of turbulent diffusion, can be specified as a 

function of both time and position. This is significant 
m 

since the turbulent diffusion properties of the cloud would 

I be expected to vary in both time and space due to the 

progressive mixing of the cold vapor with air. The simpler 

m 
classical models assume implicity that the turbulent 

| diffusion of the vapors occurs without affecting the pre-existing 

turbulence patterns in the atmosphere. 

The primary reason for the much shorter downwind 

distances to the 5% concentration level predicted by SAI for 

a catastrophic spill appears to be the predicted highly 

turbulent motion associated with the gravity spread phase. 

This high degree of predicted turbulence at the spreading 

cloud-air interface is responsible for significant air entrain- 

ment by the cloud. Since the predicted turbulence is primarily 

induced by the spreading action of the cloud, this provides 

an explanation for why the turbulence properties assigned to 

the surrounding atmosphere at the time of the spill (i.e. neutral 

vs. stable) do not markedly affect SAI's predicted results. 

The results of the model predictions indicate that the principal 

dispersion of the vapor to the point where the concentration 

is below 5% is associated with effects caused by the cloud 

spread itself, rather than the prevailing atmospheric conditions. 

It is interesting to note that the gravity spread analyses 

proposed by Germeles and Drake (4) and Feldbauer (3) lend 

support to this idea. 

r 
r 
r 
r 
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However, it is also the author's opinion that certain 

questions must be answered conc~ ing the predictions of the 

SAI model before the results cl herein an be confidently 

accepted. The specification of the turbu.ent diffusion 

coefficients, e.g., the "eddy viscosity" coefficient, must be 

more carefully evaluated. As has been described in Section 

VIII, the local specification of these transfer coefficients 

is a rather complex process involving several assumptions. 

I 
1 
1 
1 

The assumption of equality of coefficients representing mass, 

momentum, and energy transfer requires careful scrutiny. It 

should be noted that Hanna (29), whose work provides the basis 

for SAI's estimation of turbulent diffusion coefficients, did 

not generally support this assumption for determination of the 

] 

-i 

coefficient of energy transport. Smith and Niemann (32) have 

raised questions about the general validity of the basic 

relationships between the e~ergy spectrum and the wind speed 

and direction variation assu d by Hanna (20) and used by SAI. 

Furthermore, it is difficult to assess the uncertainty in the 

ultimate specification of the coefficients introduced by the 

relations proposed by Taylor (31) 

For example, the data of Taylor 

for turbulence scale length. 

et al., on which Equation 

VIII-33 is based, is very scattered. Pasquill (12) has 

questioned the validity of such precise correlations of the 

turbulence scale length with energy spectrum parameters. 

Finally, the method used by SAI still involves the requirement 

to assign, locally, stability categories of the classical 
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type (e.g., Pasquill A-F) to the developing cloud. The 

method used is based on the work of Smith and Howard (33) 

and considers the stability category to be a function of 

the local temperature gradient. This correlation is based 

on measurements of atmospheric turbulence under relatively 

stationary (in the statistical sense) conditions and the 

assumption that the same correlation applies in a methane 

rich cloud which is in a highly nonstationary state is not 

obvious. It must be emphasized that the advantages which 

obtain from the use of a complex model such as that proposed 

by SAI can be easily vitiated by the incorporation of techniques 

for descriptions of turbulence which are not easily verified. 

Until further studies validate this part of the overall 

approach, we may only be trading uncertainty in the classical 

models for a new, but no less important, uncertainty in more 

complex models. 

There remains the problem of verification of the numerical 

procedures used in the computer solution of the SAI model. 

This study did not address the need for a thorough, independent, 

evaluation of the computer program to verify the numerical 

accuracy and stability of the solution technique. 

There are other techniques which might be applied to 

the vapor dispersion problem. The obvious one which might be 

suggested is to use a turbulence "closure" model of higher 

order. These methods are proposed when the assumption of 

proportionality between the mean gradients of concentration, 
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velocity, and temperature and their respective turbulent 

transfers is not considered applicable. A large body of 

literature has developed in this area (34, 35, 36) but this 

study has not addressed it in detail. However, until the basic 

questions posed above concerning the SAI model are answered, 

there is little justification for pursuing a more sophisticated 

model. The adage that more complexity does not insure more 

validity applies directly to this problem. 

There are other important questions related to the 

predictability of vapor dispersion from catastrophic spills 

of LNG on water which have not been addressed in this report. 

All of the predictions of downwind distance which have been 

surveyed in this report have been compared at the time average 

5% concentration level. For comparison, the downwind distance 

to lower time average concentrations has been shown for some 

of the models. There is still disagreement as to the magnitude 

of the peak-to-average concentration ratios that would 

characterize a vapor cloud resulting from a catastrophic spill 

and this affects the choice of time average concentration which 

limits the flammable region of the cloud. In the author's 

opinion, this uncertainty does not affect the comparative 

assessment of the models discussed in this report. Unless a 

model can be developed which provides accurate time average 

concentrations, the accurate prediction of peak-to-average 

concentration rates effects cannot be anticipated. 

An additional facet of LNG vapor cloud dispersion which 

is important to the assessment of potential hazard is the width 
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of the flammable zone. Analysis of the models surveyed 

in this report indicates a marked variation in the width of 

potentially hazardous zones. Since the area exposed to 

potential ignition sources and/or the burning cloud determine 

the exposure to such an accident, an accurate estimate of the 

shape of the cloud is required. However, the author believes 

that the comparison of the models described in this report based 

only on predicted downwind extent of the flammable zone is 

sufficient to justify the assessment made and the recommendations 

for further evaluation which are offered. 

It is important to re-emphasize that this report is 

intended to deal only with the predictability of catastrophic 

LNG spills on water. The conclusions to be drawn are not 

necessarily appropriate for the consideration of the predicta- 

bility of vapor dispersion from small LNG spills on water or 

land. For small spills, the allowance for heat transfer 

effects and momentum transfer effects in the prediction 

of the dispersion appears much less important. Experimental 

evidence from LNG spills on the order of I0 cubic meters and 

smaller support this contention. Figure IX-I is a comparison 

of downwind, ground-level concentrations predicted using Burgess' 

model and the SAI model, as described in this report, with 

experimental data from an American Gas Association experimental 

program (33). The spill described was a rapid release of 

14,000 gallons of LNG on land. The spill was confined by an 

80 feet diameter, 1.5 feet high dike. Maximum vapor production 
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rates were measured in the experiments and reported as 0.09 

cubic meters per second at ~60°F (0.72 inches LNG per minute). 

The atmospheric stability conditions reported for the experi- 

ment (AGA 044 in the test series) were reported as Pasquill 

"C", with a wind velocity of 12 miles per hour. The vertical 

hash marks represent the range of concentrations measured at 

downwind positions. The solid predicted curve is taken from 

SAI's published risk assessment study for Oxnard, California 

The dashed line was calculated by the author using Burgess' 

model with Singer and Smith B 1 stability coefficients. 

Following Burgess, the vertical dispersion coefficient 
z 

was equated to 0.2ay and the vapor source was assumed 

concentrated at the pool center. The maximum experimentally 

measured vapor production rate was used in both models. 

Note that the downwind distance to the 5% level is 

essentially the same for both models. This is in contrast 

to the difference in downwind distances to the 5% concentra- 

tion predicted using these models for a 25,000 cubic meter 

spill as shown in Table IV-I of this report. Two things are 

immediately apparent from this comparison. First, sufficient 

accuracy may be obtainable from both classical dispersion 

models and the SAI model for the prediction of LNG vapor 

dispersion from small spills on land or water. Second, 

experimental data from small spills validates several models 

for prediction of that type of phenomena, while shedding no 

light on the question of validity of the models for predicting 

vapor dispersion from very large spills. 

(8) . 
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X. CONCLT'~IONS 

i. This review and comparison of published predictions 

of the downwind travel of flammable gas-air mixtures 

following the instantaneous release of 25,000 cubic meters 

of LNG onto water identifies the sensitivity of such 

predictions to the following factors. 

a. Characterization of atmospheric turbulence 

(stability) 

b. Allowances for area-source effects 

c. Specification of vapor release rate 

d. Allowances for gravity spread/air entrainment effects 

2. The shortest distance to the time average 5% concentra- 

tion level for a 25,000 cubic meter instantaneous spill 

predicted by the models reviewed herein is 0.75 miles. This 

distance, predicted by the FPC model, results primarily from 

the use of an unrealistically low vapor release rate and the 

use of neutral atmosphere stability characteristics. The 

FPC estimate, in the author's opinion, is not justified. 

3. At the other extreme, distances of the order of tens of 

miles are predicted for a 25,000 cubic meter instantaneous 

spill under stable weather conditions using continuous plume 

models (Burgess) which do not account for any heat transfer 
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or momentum transfer effects. 

in this author's opinion. 

Such estimates are not justified 

4. Intermediate distances to the 5% concentration level 

are predicted for a 25,000 cubic meter spill during stable 

weather conditions by Germeles and Drake (11.5 miles), 

Fay (17.4 miles) and the CHRIS model (16.3 miles). 

The difference in predicted downwind distances obtained 

with the CHRIS and Germeles-Drake models can be attributed 

primarily to the inclusion of gravity spread/air entrainment 

effects in the Germeles and Drake Model. The rough agreement 

of these two predictions with the value of 17.4 miles 

predicted by Fay must be considered fortuitous since the 

modeling process assumed by Fay is quite different from 

the other two. Professor Fay now believes (42) that his 

model should be used with different assumptions than 

originally described by Lewis and Fay, in which case sub- 

stantially longer distances result, in the author's opinion 

the model of Germeles and Drake provides a more plausible 

estimate of the LNG dispersion process following a large 

rapid spill than the Fay or CHRIS models, since the model 

incorporates a rational, if simplified, description of an 

anticipated gravity spread phase. Further effort to 

improve this type model as an alternative to a more complex 

numerical procedure has merit, particularly for routine 

usage where time and expense constraints are important. 
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5. The estimate using Feldbauer's model of 5.2 miles for 

the downwind distance to the 5% cot ~tration level following 

a 25,000 cubic meter spill can be aL~ributed to the predicted 

dilution and corresponding extreme width (~2 miles) of the 

cloud at the end of the gravity spread phase. Feldbauer's 

allowance for air entrainment during the gravity spread, which 

involves the assumption of constant cloud depth, is based on 

observations of small spills (I0 M 3) and the extension to very 

large spills appears uncertain. Further, representation of 

the cloud at the end of the gravity spread phase as a series 

of dispersed point sources on a line perpendicular to the 

direction of cloud travel is not realistic in view of the 

resulting prediction of shorter distances with increasing atmos- 

pheric stability. 

6. The primary reason for the even shorter downwind distance 

(--i mile) to the 5% concentration level predicted by SAI for 

an even larger (37,500 cubic meters) spill appears to be the 

predicted highly turbulent motion and associated air entrain- 

ment induced during the gravity spread phase of the cloud. 

7. In the author's opinion, the predicted maximum distances 

of about 5 miles by Feldbauer and about 1 mile by SAI for flam- 

mable cloud travel following instantaneous release of 25,000 

cubic meters of LNG onto water cannot be rationalized on the 

basis of any argument thus far advanced except that of gravity 

spread/air entrainment effects, and experimental verification 

of these effects has not been adequately demonstrated. 

8. It was not possible within the limits imposed by this 
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review to evaluate the accuracy of the predictions published 

by SAI. Rather, the author has reviewed the methodology 

described by SAI and believes that such techniques hold 

the most promise for accurate prediction of vapor disper- 

sion from catastrophic spills on water. A program designed 

to evaluate the accuracy of the SAI model or other models 

of similar generality should now be considered high priority. 

The Recommendations section of this report addresses this 

need. 
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XI. RECOMMENDATIONS 

i. The Science Applications, Inc. (SAI) LNG vapor dispersion 

model should be more thoroughly evaluated. This will require 

the cooperation of SAI due to the proprietary nature of their 

computer programs which are required for solution of the model 

equations. Further evaluation of the SAI model, or other 

similar models based on simultaneous solution of the mass, 

momentum and energy balance equations which may become 

available, should address the following requirements: 

a. The methodology of describing turbulent mass, 

momentum and energy transfer should be critically 

evaluated. A literature search should be conducted 

to identify and evaluate experimental data supporting 

the assumption of first-order (eddy diffusivity, 

thermal conductivity and viscosity) turbulent transfer 

phenomenological relationships for describing turbulent 

transfer in the lower atmosphere. 

b. An error analysis should be done to provide some 

means for estimating the confidence level in the technique 

used to assign numerical values to the turbulent transfer 

coefficients. 

c. Sufficient calculations should be made with the model 

to determine the sensitivity of the results predicted by 

the model to uncertainties in the transfer coefficients 

identified in b. above. 

d. An analysis should also be made of the liquid spread, 

vapor generation, and heat transfer models used in the 
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I 
specification of the boundary conditions to determine 

the sensitivity of the model predictions. 

e. The numerical stability and accuracy of the 

algorithm used for computer solution of the equations 

should be critically evaluated. 

2. A series of computations should be made, using the SAI 

model, of the downwind distance to the time average 5% 

concentration level for "instantaneous" LNG spills as a 

function of spill size. The range of spill sizes should be 

from i0 cubic meters to 25,000 cubic meters with sufficient 

points between to adequately characterize the predicted 

relationship between flammable cloud travel and spill size. 

3. The result of 2 above should be compared with a 

similarly prepared relationship between flammable cloud 

travel and spill size predicted using the Germeles and 

Drake model described in this report. It is anticipated 

that the results will be in substantial agreement for very 

small spill sizes but the comparison should indicate the 

smallest spill sizes for which significant differences appear 

in predicted downwind distance. Such a comparison should 

also provide guidance for determining a lower bound on the 

size of experimental spills which may be required to assess 

large spill behavior. 
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4. In ancitipation of experimental spills which may be 

required to provide confidence in predictions of large spill 

behavior, an evaluation should be made of the experimental 

data requirements associated with verification of model 

predictions. 
I 

5. Additional experimental spills should be performed only 

after completion of the program outlined above, and such j 

spills should be performed for the purpose of model evaluation. 

Large "demonstration spills" have been suggested recently~ d 

largely as a result of the variation in predictions which 
d 

has been the subject of this report. It is the opinion of 

this author that validation of models should still be the 

primary goal of further test programs; "demonstration" of 

the effects of large spills without heavy reliance on models 

should be avoided. 
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APPENDIX I 
DISPERSION COEFFICIENT DATA FOR 
USE IN CLASSICAL AIR POLLUTANT 

DISPERSION EQUATIONS 

Dispersion coefficient data are of two types: 

1. Data representing the cloud width (or specified 

fraction thereof) as a function of distance traveled 

by an instantaneous release of material from a point 

source. Data of this type is relatively limited. A 

survey of data of this type has been made by Slade (13) 

from which the suggested correlations shown in Tables 

A-I-I were proposed. 

Parameter 

~yI' meters 

Ozi, meters 

TABLE A-I-I 

SUGGESTED ESTIMATES FOR ~yI AND ~zI' SLADE (13) 

Conditions x=100 meters x=4000 meters 
Approximate 
Correlation 

Unstable I0 300 0.14 X 0"92 

Neutral 4 120 0.06 X 0"92 

Very Stable 1.3 35 0.02 X 0-89 

Unstable 15 220 0.53 X 0"73 

Neutral 3.8 50 0.15 X 0"70 

Very Stable 0.75 7 0.05 X 0"61 

It should be noted almost no data were reported by Slade for 

distances beyond about 4000 meters, and the approximate correla- 

tions for dispersion coefficients as a function of distance were 
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in the range 100 to 4000 meters. 

2. Dispersion coefficient data representin 

deviation of the horizontal concentration d 

the standard 

:ribution,,y, 

and the standard deviation of the'vertical concentration 

distribution, az, as functions of travel distance from a 

steady, continuously emitting point source. The horizon- 

tal and vertical coefficients, a , and , respectively, 
y z 

used by all investigators have been obtained from two 

primary sources. 

DISPERSION COEFFICIENTS PUBLISHED BY PASQUILL (12) 

Pasquill and others published, around 1960, estimation 

methods for ~y and "z which were based on measurements of 

wind-direction fluctuation. Due to the need for estimates of 

dispersion coefficients when wind fluctuation measurements are 

not available, Pasquill suggested values for ,y and ~ based 

on the degree of atmospheric stability. He further suggested 

that stability be estimated from wind speed and insolation. 

The correlations proposed by Pasquill, along with the guidelines 

for estimating atmospheric stability, are shown in Figures 

A-I-I and A-I-2. 

I 

I 

1 

1 

1 

I 

I 

I 

I 

d 

DISPERSION COEFFICIENTS PUBLISHED BY SINGER AND SMITH (21) 

Singer and Smith published estimation methods for ~y and a z 

derived from measurements of dispersion of oil fog, radioactive 

isotopes and uranine dye at the Brookhaven National Laboratory. 
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RELATION OF PASQUILL TURBULENCE TYPES TO WEATHER CONDITIONS 

A - Extremely unstable conditions 
B - -  Moderately unstable condition= 
C -- Slightly unstable conditions 

D - Neutral conditiom • 
E -- Sl.!9htly stable conditions 
F -- Moderately stable conditions 

Surface wind 
,p~d, m/sac 

Daytime insolation 
Strong Moderate Slight 

Ni~lhttime conditions 
Thin overcast 
or ;= 4/8 cloudi- ~ 3/s cloudi- 

ness t ness 

A A - B  B 
A-B B C 
B B43 C 
C C-D D 
C D D 

<2 
2 
4 

6 
>6 

E F 
D E 
D D 
D D 

• Applicable to heaw overcast, day or night 
The degree of cloudiness is defined as that fraction of the =ky 
above the local apparent horizon that is covered by clouds. 

Figure A-I-1. HORIZONTAL DISPERSION COEFFICIENTS BY PASQUILL 
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• Applicable to heavy overcast day or night 
t The degree of cloudiness is defined as that fraction of the sky above the local apparent 

horizon that is covered by clouds. 

Figure A-I-2. VERTICAL DISPERSION COEFFICIENTS BY PASQUILL 
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The most important sources of data were oil fog release 

experiments, which involved emission of oil fog droplets from 

I 

a single source at an elevation of 108 meters. In addition 

measurements of radioactive isotope (A 41) emission from the 

Brookhaven Graphite Research Reactor were used to make 

! 

I 
I 
! 
I 
1 
I 
I 
! 
! 

"qualitative or at best crude quantitative" estimates of plume 

position and dimension. The source height in this case was 

also 108 meters. These experiments were apparently the basis 

for estimation of horizontal and vertical dispersion coefficients 

at great distances from the release point, and all information 

at distances 50 km or more was obtained from the isotope measure- 

ments. Uranine dye releases from a height of 2 meters also 

provided a small amount of data. In all cases, concentratioD 

data were mean values obtained over periods ranging from 30 t~ 

90 minutes. The atmospheric stability was taken into account 

by defining 5 "gustiness classifications" based on horizontal 

wind direction fluctuations measured at the release site with 

located 350 ft (107 meters) above ground. 

"gustiness classifications" is shown 

a Bendix Friez Aerovane 

The definition of these 

below. 

Gustiness Classification 

A 

i B2 

I B1 
C 

Horizontal Wind Direction Fluctuation 

Fluctuations of wind direction ) 90 ° 

Fluctuations ranging from 40 ° to 90 ° 

Fluctuations ranging from 14 ° to 45 ° 

Fluctuations ranging from 0 to 15 ° 

m D Essentually no fluctuation, short 
term fluctuation do not exceed 15 ° 
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The correlation for the horizontal dispersion coefficient, 

, developed from the data is shown in Figure A-I-3. No 
Y 

correlation was developed for Type A Gustiness Classification 

since the condition is characterized by the absence of organized 

horizontal wind flow and is describable only in qualitative 

terms. 

The vertical structure of the plumes from test releases 

was not measured directly; the vertical dispersion coefficients 

from Equation V-12 rearranged: 

I 

were calculated 

O 
Z 

, 

a ~ C 
y x,y=0,z=0 

The correlation for the vertical dispersion coefficient, o 
Z r 

proposed by Singer and Smith are shown in Figure A-I-4. In 

contrast to the correlation proposed by Pasquill, et. al, the 

Brookhaven vertical dispersion coefficient vs. distance is 

represented as being of the form ~=ax b, similar to the 

correlation for the horizontal dispersion coefficient. Smith 

and Pasquill presented plots of typical field concentrations 

against distance which show reasonable agreement with predictions 

using their dispersion coefficient correlations out to about 

6000 meters. Singer and Smith emphasized the lack of precision 

in the definition and specification of the vertical dispersion 

coefficient, which are tied by the method of determination using 

Equation V-12 to the assumption of constant wind speed, as well 

as the assumed correctness of the model. 
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For comparison the correlations for ~ and a proposed 
y z 

by Pasquill and Singer and Smith are plotted together on Figures 

A-I-5 and A-I-6. 
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DEPARTMENT OF TRANSPORTATION 

U N I T E D  STATES C O A S T  G U A R D  
M A I L I N G  A D D R E S S :  
u .s .  COAST GU*.D (G-MHM/83 ) 
w A s . , . = ' r o N ,  o . c  2 o . o  

p.o~,, (202)-426-2306 

"10330/4-2/1 
4 February 1977 

To: Distribution* 

Gentlemen: 

I am enclosing a copy of my draft report, "Predictability 
of LNG Vapor Dispersion from Catastrophic Spills onto 
Water: An Assessment," prepared for the Cargo and 
Hazardous Materials Division, Office of Merchant Marine 
Safety, U. S. Coast Guard. This report represents my 
understanding and assessment of frequently cited predictions 
of hazardous vapor cloud travel which might occur in the 
event of a catastrophic accident involving a marine LNG 
carrier. My description of the technique used to make these 
predictions, and the calculations based on those techniques, 
are based on reports prepared by the investigating groups 
which developed the modeling techniques. In some instances, 
these groups have, at my request, provided assistance in 
this effort. Such assistance involved discussions to clari- 
fy questions which I had based on my review of the published 
reports cited in the report, as well as provision of computer 
codes allowing me to make predictions of my own utilizing 
each of the models. However, the description of the models 
and the associated predictions were prepared by me. I have 
purposely not included the Conolusions and Reco~endations 
sections and the Summary (which includes same). I consider 
these sections tentative until such time as I have received 
your comments on the accuracy of my technical review of this 
problem. 

It is my intention to recommend the release, by the U. S. 
Coast Guard, of the completed report to all interested parties. 
I hope that it will be helpful in answering some of the 
questions which prevail in the area of safety management in 
LNG transportation. 

I respectfully request your review, as a representative of 
the investigating groups whose work I have discussed, of the 
technical and interpretive accuracy of my description of your 
model and the associated predictions It is my intention to 
make your comments, and any revision~ ,r rebuttals which may 
be indicated, a part of the final repJrt. 

In the interest of releasing the final report as soon as 
• possible, please send me your written comments, in form suitable 
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I 
for subsequent inclusion, by 25 February 1977. Please feel 
free to call me if I can clarify any point in the report or 
its intended development to final form. 

g 

Sincerely, 

Technical Advisor 
Cargo and Hazardous 
Materials Division 

m 

Q 

Encl: (i) Draft Report, "Predictability of LNG Dispersion 
from Catastrophic Spills Onto Water: An Assess- 
ment" 
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e# 

*Distribution: 
Dr. David S. Burgess 
Pittsburgh Mining Safety and Research Center 
U. S. Bureau of Mines 
4800 Forbes Avenue 
Pittsburgh, PA 15213 

Dr. Walter May 
Exxon Nuclear Co., Inc. 
Plains Road 
Ballston Spa, New York 12020 

Mr. Don Oakley 
Distrigas Corporation 
125 High Street 
Boston, MA 02110 

Professor James Fay 
Room 3-246 
Massachusetts Institute of Technology 
Cambridge, MA 02139 

Dr. Theodore Needles 
Federal Power Commission 
825 North Capital Street, 
Washington, D.C. 20426 

N.E. 

Dr. Walter England 
Science Applications, 
1200 Prospect Street 
P.O. Box 2351 
La Jolla, CA 92037 

Inc • 

2 

J 

g 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

~4 

r 
Mr. Donald Allen 
Arthur D. Little, Inc. 
Acorn Park 
Cambridge, MA 02140 
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United States Department of the Interior 
BUREAU OF MINES 

4800 FORBES AVENUI~ 

PITTSBURGH. pENNSYLVANI~. 15215 

Pittsburgh Mining and Safety Research Center 

February 25, 1977 

. i  

I 
I 

i 

i 

m 

i 

i 

Dr. Jerry Havens 
Technical Advisor 
Cargo and Hazardous Materials Division1 
U. S. Coast Guard (G-MHM/83) 
Washington, DC 20590 

Dear Jerry: 

I have read your manuscript quite carefully and find nothing 

to which I can object.. You have performed a useful service 

for the many people who s t i l l  

dispersion. 

ask questions about atmospheric 

Sincerely yours, 

David Burgess 
Research Supervi •or 
Fires and Explosions 
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E)~ON NUCLEAR COMPANY, Inc. 
777 - 106th Avenue N.E.. BelCevue. Washington 98004. "lelephone (206) 455-5130 
Malta Enrichment Program, Plains Road. Balston Spa. New York. N.Y. 12020 .Telephone (518) 899-2947 

March 7, 1977 

Mr. Jerry Havens 
Technical Advisor 
Cargo and Hazardous Mater ials D iv is ion  
Department of Transportat ion 
U.S. Coast Guard 
Washington, D .C .  20590 

Dear Mr. Havens: 

I appreciate the oppor tun i ty  of commenting on your Draft Report 
on LNG Vapor Dispersion. My comments are attached. 

I feel that  the review and comparison you have carried out is 
a very useful study. 

I indicated during our telephone conversation that  I had 
wr i t t en  a paper on the "unmixed" character of an LNG vapor/a i r  
plume. A copy is attached. I also attach a handwritten der iva- 
t ion  of the Pasquil l  equation, as promised in our phone conver- 
sat ion.  I hope you can read i t .  

Very t r u l y  yours, 

W.G. May / 
Senior Sc ien t i f i c  Advisor 

/dp 

cc: W. McQueen (w/attachments) 

Attachments: Paper 
Der ivat ion 
Comments 

AFFILIATE OF EXXON CORPORATION 
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COMMENTS: " P r e d i c t a b i l i t y  of LNG Vapor Dispersion from 
Catastrophic Sp i l l s  Onto Water: An Assessment". 

F i r s t ,  i t  is in te res t ing  to see a d i rec t  comparison of the 
models that  have been suggested for  LNG-dispersion, p a r t i c u l a r l y  
the comparisons of Table IV- l .  l he  number that  is quoted for  
our analys is ,  5.2 miles, is a l i t t l e  shorter than we would have 
an t i c ipa ted  (7.6 mi les) .  We never calculated resu l ts  for  such 
a large s p i l l  however, 25000 m3; our largest  ( ca l cu l a t i on )  was 
a 4000 m3 s p i l l .  I bel ieve that Mr. Havens has fol lowed our 
procedure co r rec t l y ,  so that his number of 5.2 miles is to be 
preferred over our simple ex t rapo la t i on .  

I agree with Dave Burgess that  the lack of h i s t o r i c a l  perspec- 
t i v e  in the Report is unfortunate. I am proud of the work that  
we dld and feel strongly that some of the l a t e r  analyses borrowed 
heav i l y  from i t .  But in the absence of any h i s t o r i c a l  comment, 
the old analyses have to suf fer .  

I have several comments 
ana lys is ,  where e i the r  
comparisons with others 

concerning the presentat ion of our 
I don' t  agree, or I feel  that  useful 
could have been drawn. 

l .  The Report assigns us to the category of those using 
a "s teady-s ta te"  model, and states that  we have 
used our measurements of "maximum vapor f low ra te  - as 
an estimate of Q in Eq. V I I -5 " .  I bel ieve that  th i s  
doesn't  do jus t i ce  to what we d id ,  and c e r t a i n l y  car r ies  
an imp l i ca t ion  that  I don' t  agree with. 

F i r s t ,  i t  is important to understand Eq. V I I - 5 ,  the 
"Pasqu i l l "  equation. I t  is eas i l y  der ived, s t a r t i ng  
from an assumption that  concentrat ions fo l l ow  a Gaussian 
d i s t r i b u t i o n .  The equation is simply a mater ia l  balance, 
which re la tes the amount f lowing at any ins tan t  to the 
plume ve loc i t y  and the concentrat ion l eve l .  [The amount 
f lowing is calculated as the amount crossing a plane at 
r i gh t  angles to the d i rec t ion  of the wind. Axial  d i f f us i on  
is neglected - an important considerat ion discussed l a t e r ] .  

The important point is that  the "Q" in the Pasqui l l  equation 
is the vapor flow rate.  The vapor flow rate is not an 

" ~ t i m a t e "  for  Q; i t  is Q. We d i d n ' t  estimate "Q", we 
measured i t .  People~ho equate the evaporation rate to Q 
are making an "est imate". 

For steady state spills, of course, the value of "Q" (vapor 
flow rate) is the same as evaporation rate. But for instan- 
taneous spills it is not; measurements showed this, and 
elementary thinking suggests it is not. [What value do you 
assign to Vapor Flow Rate as wind speed approaches zero?]. 
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2. I th ink i t  worthwhile to compare our use of the Pasqui11 
equation with the "Puff"  model (Eq. V-lO). I do not 
be l ieve  that  the major d i f f e r  e is "unsteady state"  vs. 
" s teady -s ta te " .  Our analysi~ s c e r t a i n l y  not a "steady- 
s ta te  analys is .  Our values ~ "Q" were t rans ien t  ( i . e .  
never reached s teady-s ta te ) ,  d were in genera] a long 
way from the evaporat ion rate ( i . e . ,  the value that  would 
be used in a s teady-state ana lys is ) .  

The important d i s t i n c t i o n ,  i t  seems to me, is the way 
tha t  ax ia l  dispersion is handled. The "Puff" model incor-  
porates an ax ia l  dispersion fac to r ;  that is ,  the plume 
lengthens out as i t  goes downwind (while spreading as w e l l ) .  
We did not use an ax ia l  d ispersion fac to r ;  our plume was 
pictured as keeping the same length that i t  had at the 
point  where we measured i t  ( i . e . ,  at our l ine  of  sensors). 
] consider th is  a weakness in our model, an advantage fc r  
t;,e "Puf f " .  

There a re 'p ros '  as well  as ' cons ' ,  however. There is 
d i f f i c u l t y  get t ing the Puff model started in a sensible way. 
Undoubtedly, the plume from a large instantaneous s p i l l  w i l l  
be stretched out a lo t  immediately downwind of the s p i l l  po in t .  
The wind simply Cannot drag away the gas as fast  as i t  is 
evolved, and a large cloud accumulates; p a r t i c u l a r l y  at low 
wind speed. An instantaneous s p i l l  would never s ta r t  o f f  
downwind as a round Puff.  Our use of a measured "Q" has an 
advantage in th i s  respect;  the measured "Q" is the resul 
ant of a l o t  of complex i n t e r a c t i o n s :  the wind attacks the 
accumulation at the s p i l l  po in t ; t he  s p i l l  is not qu i te  in -  
stantaneous; some s t re tch ing of the plume has occurred in 
f lowing from the s p i l l  po in t  to the point where the measure- 
mentwas made. 

I be l ieve that  most of the s t re t ch lng 'ou t  of the plume is a 
consequence of the i n i t i a l  condi t ions (the accumulation of 
vapor over the s p i l l  po in t )  - p a r t i c u l a r l y  at low wind 
speed. I don ' t  th ink  the Puff Models handle th i s  very we l l ,  
whi le some eva lua t ion  of i t  appears automat ica l ly  in our 
measurement and use of vapor f low rate Q. 

I hadn' t  seen the Germeles and Drake, and the Fay, Puff 
Models before the Coast Guard wr i te-up.  I have t r i e d  to 
compare them with ours ( p a r t i c u l a r l y  the Germeles and 
Drake model), and some comments are given below. But 
f i r s t ,  i t  seems to me he lp fu l  to give a l i t t l e  h i s t o r i c a l  
perspect ive.  

There were two general approaches for  plume ana lys is  at 
the time we did our work. One a t t r i b u t e d  the plume spread 
to g r a v i t y  e f f e c t s .  The assumption was genera l l y  made tha t  
the dens i ty  of  LNG v a p o r / a i r  mixtures was about l i n e a r  wi th  
composi t ion ( f o r  a d i a b a t i c  cond i t i ons ) .  The other  appro.ch 
simply used the standard d ispers ion  due to the weather. 
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We and the Bureau of Mines (at about the same time), calcu- 
]ated the e f fec t  of a i r  humidity on the mixture density; 

I the profound e f fec t  that was found made the f i r s t  assumption =:. 
j (above) untenable. Simply assigning the observed resul ts to 
: weather was also untenable, however; the plumes were much :'~ 

too low and wide. This led us then to the analysis which 
includes an e f fec t  of both; the grav i ty  e f fec t  controls 
i n i t i a l l y ,  but as the plume is d i lu ted and i ts  density ~ 
approaches that of a i r ,  the f i na l  mixing, is assigned to the. 
weather. 

=m 

Apparently the Germeles and Drake, (~s well as Fay?) models PI:~ 
fo l low th is  same plan. There are differences in deta i ls  
e .g . ,  the c r i t e r i o n  used for switching from "gravi ty"  spread 
toUweather" spread, and others - but the general approach is 
the same. 

Some of the s i m i l a r i t i e s  and dif ferences between our analysis 
and the la te r  Germeles and Drake analysis are outl ined below: 

a .  The grav i ty  spread re la t ionships used are essent ia l ly  
the same (they d i f f e r  by a constant coe f f i c i en t ) .  

We started wi th 'a  ' re la t ionship (Fannel6p and Waldman): 

J 

41 

d 

41 

a 

L = k x ( ~  ghLu) I /3  x 2/3 l 

We d i f f e ren t i a ted  with respect to x, to get the change 
of width with distance, while allowing for changing 
condit ions in the plume ( i . e . ,  the analysis keeps track 
of plume temp. density,  composition, dimensions, jus t  
as the Germeles and Drake model does). 

dL = k x gh)' /3 (R')L I / 3  

J 

i l  

I f  instead, we had d i f f e ren t i a t ed  with respect to time, 
"while making the assumption that veloci ty  is constant so 
that distance and time are re lated (x = u t ) ,  we would 
have obtained the Germeles and Drake grav i ty  spread 
(Eq. V I - l l )  

~"dR = k3/2 (..~.._Ap gh)l/2 

% 
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The only d i f ference between our analysis and that of 
Germeles and Drake is the constant c o e f f i c i e n t ;  [we 
would get 18.5 for the G&D spread equation, compared 
with the i r  2 g . l l ] .  ] be l ieve  tha t  there are questions 
about the Fannelop and Waldman analysis and i t s  app l ica-  
t ion  to th is  work, so that  the " r i g h t "  c o e f f i c i e n t  is 
uncertain [see the a r t i c l e  by Hoult in Rev. of FI. Mech.). 
[ I n c i d e n t a l l y ,  the CoastGuard Report gives d i f f e r e n t  
equations for  the G&D spread ra te ,  pp. 49 and 51. I 
assume the one on p. 51 is co r rec t ] .  

b. In our analys is ,  we maintain the plume height constant 
during the g rav i t y  spread. This has the e f fec t  of speci- 
fy ing , i n d i r e c t l y ,  a mixing c o e f f i c i e n t .  The procedure 
may'appear a r b i t r a r y  but was based on experimental obser- 
vat ion;  our plumes appeared to r ise  very l i t t l e  during 
the i r  downwind t r ave l .  The Germeles-Drake analysis 
introduces a mixing c o e f f i c i e n t .  I note however, in the 
example given in the Coast Guard repor t ,  that  the plume 
height for  a 25000 m3 s p i l l  increased only a very small 
amount during the grav i ty -spread port ion of i t s  t r a v e l ;  
the increase was from 13 m to 18m, over a downwind distance 
that  was presumably several mi les.  I consider that  to be 
in very close agreement wi th  our observat ion of constant 
plume height. The mixing rates of the two studies must 
be very close. 

We assign a downwind speed te the plume which var ies with 
concentrat ion;  my impression - perhaps incor rec t  - is that  
the Germeles-Drake analysis assigns constant (wind) speed. 

The Coast Guard repor t  un fo r tuna te l y  does not give our 
ra t i ona le  for  varying plume speed: we calculated conserva- 
t i on  of momentum, assuming no pressure e f fec ts .  At high 
concentrat ion,  near the source, the v e l o c i t y  is therefore 
low, but approaches wind speed at large d i l u t i o n .  

The experimental data confirm t h i s  type of e f f e c t .  The 
average plume speeds measured have always been lower than 
the wind speed, by substant ia l  f ac to rs ,  e .g . ,  3. I consider 
o u r  approximation more acceptable than an assignment of a 
constant speed, equal to the wind. 

We have apparently used somewhat d i f f e r e n t  coe f f i c i en ts  than 
Germeles and Drake fo r  our ana lys is  of the e f fec t  of weather. 
T h e  important c o e f f i c i e n t  (at  l eas t  in our ana lys i s ) ,  is the 
v e r t i c a l  c o e f f i c i e n t ,  o z • The plumes are already so wide at 
the end of the g r a v i t y  spread tha t  fu r the r  spreading at the 
edges due to the weather, is not very s i g n i f i c a n t .  Our ver-  
t i c a l  coe f f i c i en t  (Singer and Smith "D"), is a l i t t l e  more 
stable than the G i f fo rd -Pasqu i l l  "F" category used by 
Germeles and Drake. [ I n c i d e n t a l l y ,  the recent Brookhaven 
data show s t a b i l i t i e s  that  exceed Pasqui l l  F by a fac to r  of  
2, for example]. 
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The Coast Guard repor t  comments on our use of mixed 
weather c o e f f i c i e n t s .  When we did our tests there were 
essen t i a l l y  no data fo r  mixing over water. I f  we had 
appl ied the meteorological  data in the usual way ( i . e . ,  
lapse ra te,  wind speed, e t c . ) ,  the weather during our 
tests would have genera l ly  been c lass i f i ed  category "C", 
s l i g h t l y  unstable. But we ~ecognized that  th is was not 
the case; our plumes behaved as though the weather was 
much more stable than tha t .  We concluded that weather 
over water was simply d i f f e r e n t  than over land, genera l ly  
much more s table.  The Brookhaven data* have become a v a i l -  
able since that  time and conf irm the high degree of 
s t a b i l i t y .  The BNL report  also points out that  app l i ca t i on  
of land-based weather co r re l a t i ons  to predict  s t a b i l i t y  over 
water w i l l  give large errors - j us t  as we had concluded 
e a r l i e r .  

We chose the spread c o e f f i c i e n t s  that  we did simply 
because we thought they matched our data best. We would 
not want to claim any great gene ra l i t y  for  them, [See p. 72 
of the Coast Guard Report ] .  I f  we were doing the work again, 
we would make use of the data tha t  have since been measured 
over water. 

A few other general comments on the Coast Guard Report: 

i,.̧ i 

o 

a 

dm 

a 

g 

I 

I 

a .  Table VI- l  shows co r re l a t i ons  for  maximum pool size~. 
I suggest tha t  my ASME paper would be a useful addit ic, n. 
Opinions may vary as to the qua l i t y  of that  paper, but 
i t  does have one major advantage i t  contains data, 
a l l  of the data that  were ava i l ab le  at the time i t  was 
wr i t t en .  Further,  the data cover the impressive range 
of s p i l l  size from 5 to lO,O00 Ibs. 

I'm not f a m i l i a r  with a l l  the references ci ted in 
Table V I - I ,  but those that  I recognize represent ea r l y  
theore t i ca l  studies,  done before data was ava i l ab le .  
Some of the ear ly  theory has been proven wrong by l a t e r  
experimental work. 

b. The SAI analysis appears to be a s i gn i f i can t  con t r i bu t i on  
but r e a l l y  needs c r i t i c a l  eva lua t ion .  

I t  seems obvious to ask tha t  the analysis should be 
checked against experimental data. To my knowledge, i t  
has been used to check our Run I I  ( r e l a t i v e l y  high wind 
speed, 18 mph), and gives a f a i r  check - not an exact 
check by any means. I would l i ke  to see i t  checked 
against other data, p a r t i c u l a r l y  at lower wind speed 

Studies 
S i t e , "  

of Atmospheric Di f fus ion from a Near-Shore Oceanic 
Raynor, Michael, Brown & Sethuraman, BNL 18997, June, 1974. 

I 

n 
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F ( e . g . ,  our Run lO at 5 mph). I n t e r e s t i n g l y ,  the SAI 
ca lcu la t ions  show an e f fec t  of wind speed that  is 
opposite to the small scale experimental data. I t  
is important to see i f  th is occurs in the analysis only 
fo r  la rger  s p i l l s .  

I have to say that  the SAI ca lcu la ted  resu l t  presented 
in Table I V - l ,  a distance of 1.2 miles for  a 37,500 cu.m. 
s p i l l ,  seems h igh ly  improbable to me. I t  j u s t  looks un- 
reasonable when p lo t ted alongside the measured data. 
Their  value of 3.75 miles for  a 15 m/s wind speed appears 
much more acceptable. Check ca l cu la t i ons  against the 
ex is t ing  data would lend some confidence. Final answers 
w i l l  probably await la rger  tes ts .  
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BILLERICA TECHNICAL CENTER 

[ ~ CABOT CORPORATION co.co.o .oA:, ..LLZM.~ "A.S*Cm''~'+. O,.*, 

~ I  & l l l ~ l  +'~AII.MR++ D O . O N  

I March 25, ].977 

6 

Dr. Jerry R. Havens 
c/o U. S. Coast Guard 
Hazardous Materials Division 
Room 830B 

D.C. 20590 Washington, 

Dear Dr. Havens: 

L Please find enclosed comments on your draft 
report entitled "Predictability of LNG Vapor Dispersion 
from Catastrophic Spills onto Water: An Assessment", 
January 1977. 

The comments were prepared in the main by Drs. 
A.E. Germeles and F. Feakes. We thank you for the 
opportunity to comment. 

~: Donald W. Oakley " ~::) 
President, Distrigas Corporation 

I 
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COMMENTS BY A. E. GERMELES ~D F. FEAKES ON THE DRAFT REPORT 

"PREDICTABILITY OF LNG VAPOR DISPERSION 

FROM -ATASTROPHIC SPILLS ONTO WATER: AN ASSESSMENT", 

PREP ZD BY J. A. HAVENS FOR U.S.C.G. (JANUARY 1977) 

We wish to thank the Coast Guard for the opportunity 

to comment on the draft report "Predictability of ~G Vapor 

Dispersion from Catastrophic Spills onto Water: . An Assessment", 

by Jerry A. Havens. Dr. Havens' contribution helps reduce 

the confusion that has developed concerning this subject. 

It is welcomed because it is ~lear that the differences 

and errors in models have lead to overemphasis of the question 

of "How far will LNG vapor travel?" 

We have one major comment, and several of a more technical 

nature. The main comment relates to Tables IV-I and Vl-3 

where the Cabot model based on the wor~ of Germeles-Drake 

is used with F weather to compute adc nwind distance of about 

10 miles for a 25,000 m 3 instantaneous spill. Cabot's ex- 

perience is clear. The U. S. Coast Guard permits ~G ships 

to enter Boston Harbor only in daylight. The worst meteoro- 

logical condition that is reasonably applicable during the 

day is D weather. For D weather the Germeles-Drake model 

gives a maxim~im do%~wind distance of about 3 miles. If the 

Coast Guard maintains its present rules, we believe that for 

spills onto water, D weather is the worst applicable stability 

class and about 3 miles is the maximum downwind travel distance. 

The other areas of comment perta±n to: 

• The sensitivity of the Germeles-Drake model 

to chosen values of the entrainment constant u. 

] 

I 

l 

mm 
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• Comments on the Fay-Lewis model. 

• Comparison of Fay-Lewis and Genneles-Drake 

models. 

• Recommendations for further work on the SAI 

model. 

a Further comments on the choice of applicable 

weather stability classes. 

These subjects are considered in more detailed below. 

Entrainment Constant Sensitivity. - On page 54 and 

in Figure VI-5, Dr. Havens presents the results of parametric 

studies in which he varied the entrainment constant a over 

the range from 0.01 to 0.5 in the Germeles-Dzake model. The 

resulting large sensitivity led him to conclude on page ii? 

that there is too much uncertainty in the Germeles-Drake 

model. It is not reasonable to consider values of a as 

large as 0.5. There is no known nonenergetic entraining 

system that entrains such large amounts. As pointed out in 

Reference 4, a reasonable value for a is 0.i; a value as 

large as 0.15 might be possible, but surely nothing larger than 

about 0.2. The conclusion that there is too much uncertainty 

in the Germeles-Drake model is therefore not warranted. As 

can be seen from Figure VI-5, for reasonable values of a 

(about 0.1), the uncertainty in the values predicted by the 

Germeles-Drake model is relatively small. 

Co~ents for Fay-Lewis Model. - Two important parameters 

in the atmospheric dispersion phase of the model are the 

radius (re} and the height (h e ) of the cloud at neutral buoyancy. 
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For a spill of 25,00~ m 3, Dr. Havens has used the values 

given by the Lewis thesis ~ r e = 816 m and h e = 2.9 m. 

Fay and Lewis claim that these dimensions are the dimensions 

of the cloud at neutral buoyancy. Simple arithmetic will 

show that a pure methane cloud of mass equivalent to that 

from a 25,000 m 3 LNG spill must be at -259°F in order to 

have these dimensions -- and therefore the cloud is not 

neutrally buoyant. Apparently, there is a basic physical 

inconsishency in the Fay-Lewis model. This raises very 

serious doubts about the values used for r e and h e and 

about the credibility of the entire analysis. 

Another fundamental question on the Fay-Lewis model 

involves the true asymptotic behavior of Equation (VI-5), 

which is been proposed by Fay and Lewis for calculating LNG 

vapor dispersion in the atmosphere. Fay and Lewis have claimed 

that, under certain conditions, this equation is asymptotic 

to Pasquill dispersion equations (namely, Equations (VI-3) and 

(VI-4)), thus leaving, perhaps, the impression that Equation 

(VI-5) is not that different from classical Pasquill dispersion. 

However, the required conditions are not met by the LNG vapor 

dispersion cases ccnsidered in this work. This point is 

illustrated by the following table, which was derived for the 

spill size considered (25,000 m 3 with re = 816 m and 

he = 2.9 m): 

Methane 
Downwind Concentration from Eq. 

Dista~ e(Km) Stability ayI(m) azI(m) VI-3 VI-4 VI-5 

27 Very Stable 176 25.2 0.99 0.092 0.050 

51 Very Stable 310 37.2 0.22 0.062 0.025 

2.3 Neutral 74.3 33.8 4.13 0.068 0.050 

4.8 Neutral 146 56.6 0.64 0.041 0.025 

4 

1 
1 
1 
1 
1 
1 

mm 

I 
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Fay and Lewis state that Equation (VI-5) is asymptotic to 

Equation (VI-3) for syI >> re and aZl >> he (large distances), 

and to Equation (VI-4) for ay I << re and ~ZI >> he (inter- 

mediate distances). The above table shows that these conditions 

are not met. The results from the various equations differ 

considerably. The only place where the asymptotic criteria 

seem to be met is in the third line, but even here the results 

from Equations (VI-4) and (VI-5) differ by 36% because, evidently, 

the criteria for intermediate distances are not satisfied in 

the required sense. Contrary to the claims of Fay and Lewis, 

Equation (VI-5) is not close to Pasquill dispersion for LNG- 

cloud dispersion calculations of practical interest. 

Dr. Havens has also shown the large difference between 

Equation (VI-5) and classical Pasquill dispersion equations 

(see Figure VI-I), but does not point out the implication 

stated above, that the Fay-Lewis dispersion model is not of 

the Pasquill type. Instead, Dr. Havens states repeatedly 

that dispersion in the Fay-Lewis model is based on Pasquiil 

dispersion (see pages 26, 35, 40 and 46). Still another 

question that might be raised is: If, indeed, dispersion in 

the Fay-Lewis model is not of Pasquill type, then are dispersion 

coefficients, formulated and quantified for Pasquill dis- 

persion, applicable to non-Pasquill dispersion techniques? 

(The Slade coefficients used by Fay and Lewis are Pasquill 

dispersion coefficients.) 
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Comparison of Fay-Lewis and Germeles-Drake Models. - On 

page 56, Dr. Havens states that predictions of downwind vapor 

travel from the Fay-Lewis and Germeles-Drake models "during 

neutral and stable atmospheric conditions are in close agreement". 

According to Tables VI-3 and VI-4, predictions from the two 

models differ by about 40% to over 60% under all conditions 

analyzed. This is not close agreement. Further, in view 

of the several inconsistencies in the Fay-Lewis approach, any 

agreement'between the two models is fortuitous. 

Recommendations On SAI Model. - The SAI approach to 

calculating downwind travel distances has a number of 

attractive features from a theoretical point of view. We, 

however, have not been able to either check their estimates 

or to ascertain the relative importance of the differences be- 

tween the SAI model and the Germeles-Drake approach. We 

recommend that efforts be made to make a more direct com- 

parison than Dr. Havens has made and that the SAI model be 

tested for its sensitivity to important parameters. It 

would be of great interest to us if the SAI model confirmed 

that our estimate of about 3 miles for maximum downwind dis- 

tance is, in fact, conservative. 

Applicable Weather Stabilities. - For his comparisons, 

Dr. Havens uses stability classes D (neutral) and F (most 

stable) with the Germeles-Drake model and computes maximum 

downwind travel distances of about 3 and 10 miles, respectively, 

for 5% average concentrations. Dr. Havens states on page 13 

that he used "the "worst applicable" meteorological conditions 

suggested by the groups". Lest the impression is left that 
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flammable concentrations might travel downwind to 10 miles 

and more, we must emphasize that we consider calculations 

based on class F weather as academic and of little practical 

significance. In our opinion, the "worst applicable" class 

is D and, therefore, about 3 miles is an upper bound for the 

downwind travel of 5% average concentrations. Our reasonB for 

considering class F (and even class E) as inapplicable are as 

follows: 

m 

k 

i 

I I  

I I  

I I  

( i )  

(ii) 

(iii) 

According to Turner (Reference 27, page 6) classes 

E and F are possible only during nighttime. 

Current Coast Guard regulations require that LNG 

tankers come into port only during daytime. 

According to Turner (Ibid), the standard Gifford 

Pasquill classes have been defined for "open 

country or rural areas". It is important to 

keep in mind that in calculating LNG vapor dis- 

persion as a part of safety analyses for metropolitan 

areas, more unstable classes should be used because 

of "the larger surface roughness and heat island 

effects" of such areas. 

e l  

I 
I 
! 

I 
1 

From a practical point of view, Cabot does not regard 

large vapor cloud travel distances as a reasonable possibility. 

The conditions specified by Dr. Havens on page 15 of the 

draft are extremely unlikely, if not impossible, if one takes 

into account the strict Coast Guard rules that have been 

applied in Boston Harbor. Massive spills from ~G tankers 
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would require a highly energetic collision with a large ship 

and we believe that this possibility is eliminated by Coast 

Guard rules creating a traffic-free harbor. Under these cir- 

cumstances, the estimation of vapor travel distances is an 

interesting mathematical exercise done in response to the 

National Environmental Policy Act. 

The ;esults of these vapor travel calculations, however, 

need to be placed in the proper perspective as one element of 

a careful risk analysis. Risk is a function of both the 

probability and the consequences of an undesired event. The 

relevant probability includes early ignition as part of an 

event leading to a large spill as well as the likelihood of 

ignition by land-based and water-based sources. And the 

resulting risks can only be assessed on a realistic basis if 

the fire hazards are compared with other flammable,,although 

less volatile, fuel substitutes for I2~G. 

a 
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M A S S A C H U S E T T S  I N S T I T U T E  O F  T E C H N O L O G Y  

DEPARTMENT OF MECHANICAL ENGINEERING 

CAMBRIDGE. MASSACHUSETTS 02139 

JAK~..~ A PAY 
P1oPt~l 

March i0, !977 

Dr. Jerry Havens 
Office of Merchant Marine Safety 
U.S. Coast Guard 
400 7th St., S.W. 
Washington, D.C. 

Dear Dr. Havens: 

Enclosed are my coum~nts on your draft report. At the ~,ery end 
are two detailed cormnents which you may wish to delete if you mak~ 
corrections to the necessary parts of the draft paper. 

Thanks for the courtesy of asking for my colmments. 

Sincerely yours, 

JAF : daf 
cc: H. Walter 
eric. 
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COMMENTS ON "PREDICTABILITY OF LNG VAPOR DISPERSION 

FROM CATASTROPHIC SPILLS ONTO WATER: AN ASSESSMENT" 

James A. Fay 

Massachusetts Institute of Technology 

mm 

This excellent review s e r v e s  two v e r y  important purposes. It 

compares the predictions of the several LNG vapor cloud dispersion theories 

on a coat, on basis, i.e., a given spill size and distances to given ground 

level concentrations. More importantly, it explains in full detail the 

various assumptions and calculat/on procedures used in each theory 

which are not always adequately described in the original publications. 

The disparate predictions of the various approaches are well illustrated 

and some of the intermediate steps in determining the downwind concen- 

trations are usefully contrasted. It will be very helpful in clarifying 

the state of knowledge regarding vapor cloud dispersion and suggesting 

further analytical and experimental approaches to a more reliable method 

of prediction. 

The discussion An the introduction (pp. 15-17) of the probability 

of various accident scenarios, which ks clearly not an aspect of the 

scientific review of the various dispersion theories but more nearly 

a policy statement regarding risk, unfortunately tends to denigrate the 

value of this analysis. The reader may wonder whether the assessment 

is to be taken seriously, or has been carefully made, given the asserted 

unlikelyhood of the process being discussed. But if one ignores the 

casuistry of this portion of the introduction, the subsequent analysis 

As scientifically useful and more than worth the effort to have performed 

it. 

mm 
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On p. 35 (and inferentially in Table VI-2) it is stated that the 

I instantaneous spill models assume that the vapor cloud radius and tL~ 

liquid pool radius are equal at the end of the evaporation period. 

Neither Fay (24) nor Fay and Lewis (6) make this assumption, nor is 9/.-" 

necessary for the determination of vapor cloud spread according to their 

I analysis, but this assumption is used by Germeles and Drake (4) (see 

Fig. VI-3) and the FPC staff (7) (see p. 80) as an intermediate ste~ 

in determining vapor cloud spread. I expect that the vapor cloud wJ~ 

I extend beyond the edge of the pool at the end of the evaporation peri.~d, 

but this point obviously deserves further investigation. 

In determining the molar concentration of LNG according to the 

method of Fay and Lewis (6), the instantaneous source strength Q in 

Eq. (Vl-2) and the equation following it should be the volume of pur~: 

vapor at atmospheric temperature, i.e., 590 times the liquid vol~e 

or 2.45 times the saturated vapor volume at atmospheric pressure when. 

the air temperature is 0°C. Since the Gaussian puff vapor dispersion: 

equations conserve the part/al volume of the dispersing material and 

hence ass, me a constant temperature dispersal process for the gas con- 

taminant being dispersed, the equivalent source strength should be the 

constant partial volume of vapor at atmospheric temperature. Thus the 

initial vapor cloud height h v in Eq. (VI-3) and subsequent equations 

should be determined from this instantaneous source strength according 

to h v - Q/~r2vm" 

For the purpose of determining the maximum radius r%n m of the vapor 

cloud at the point of neutral buoyancy, Fay (24) assumed that the vapor 

cloud motion would be the same as that of an adiabatic cloud of saturated 

vapor equivalent to the spill volume and spreading for a time needed 
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to transfer heat sufficient to render it neutrally buoyant. The height 

of this adiabatic cloud at the end of the cloud spread period should 

not be used as the starting point for the dispersion calculation for 

the reasons given above. 

The comparison shown in Fig. VI-I is very useful in that it shows 

that the Fay and Lewis (6) dispersion model cannot be adequately rep- 

resented by a point source model even at the largest distances of interest. 

This is a consequence of the effect of gravity spread of the vapor 

cloud in the early stages which produces an initial shape quite differ- 

ent from that which eventually ensues far downstream. It is also apparent 

from a close examination of this figure that a "virtual source" solution 

of the form of Eq. (VI-9) will also fail to match the Fay and Lewis 

solution over most of the region of interest, for the same reason. 

The inability of virtual source models to account for the initial 

cloud shape is well illustrated by the Germeles and Drake (4) solution 

for neutral stability (p. 52,54). At the actual source, where the 

gravity spread model concentration is matched to the virtual source puff 

model concentration, the gravity cloud radius is 750 m end the height 

is 18.4 m (Fig. VI-3). In contrast, the virtual source model horizontal 

and vertical deviations at this same point can be found from Appendix I 

to be 280 m and 82 m respectively. Thus the puff model aspect ratio 

(width/height] is nearly one twelfth that of the calculated cloud at 

the point where the former is supposed to depict the beginning of the dis 

persion process. It would seem that the virtual source models are 

inappropriate for describing dispersion of clouds of such unusual shape. 

7 

m 

aml 

a 

l 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

m --4-- 

a 

The difficulties inherent in a virtual source model are also 

illustrated by the CHRIS model (p. 77). The concent;ation calculated 

from Eq. (VIII-15) evaluated at the actual source, foc the case of F 

stability (for which 5% concentration is reached at 85,000 m) is 2226%! 

Thus this model predicts concentrations exceeding 100% for very long 

distances from the spill. 

In addition, the use in CHRIS of a steady source model for a sourc~ 

of finite lifetime leads to quite peculiar results. Since streamwlse 

diffusivity does not enter the calculation, the streamwise cloud dimen- 

sion would approximately equal the wind speed times the evaporation 

time or about 500 m. But for F stability, the plume transverse and ver- 

tical deviations at 5% concentration are 19000 m and 90 m respectively. 

Such an odd-shaped cloud, with the transverse dimension 40 times the 

stxeamwise dimension, does not seem consonant with known dispersion 

characteristics. 

The calculation according to the Germeles-Drake model of the effect 

of different entrainment rates on vapor concentration during the gravity 

spreading phase of the vapor cloud motion, as depicted in Fig. VI-5, 

clearly indicates the significance of assumptions regarding the magnitude 

of this process, as the author emphasizes on p. 117. These assumptions 

are equally important to the SAI model. Xn my opinion, the very rapid 

dilution calculated by SAI is directly related to their assumed (and pre- 

s%~mably high) values of vertical momentum diffuslvity. 

Entrainment coefficients rarely exceed 0.i, and then only for mixing 

processes across gravitationally unstable interfaces. Indeed, the 

observation that intrusions exist for layers having very large values 

for the ratio of horizontal to vertical dimensions indicates that 
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entrainment coefficienus must be very small for gravitationally induced 

motion of this type. While the parametric study of the effect of various 

entrainment coefficients on gravitational spread is a useful analytical 

tool, it is doubtful that the calculations for high entrainment coeffi- 
_a 

cients are describing physically realizable p cesses. 

The vertical momentum diffusivity used in the SAI model appears 

to affect the results significantly since it determines the entrainment 

rate during gravitational spread. The explanation given on p. 108 
[!' 

of the choice of stability parameter (which affects the choice of diff- 

! 

i 

usivity) is not sufficient to enable a reader to reproduce the SAI pre- 

scription. A more precise explanation is very desirable. 

Important information for the FPC model appears to be lacking. 

The heat transfer coefficient h used in Eq. (VII-25) is not specified 

nor is it explained how it is to be determ/ned. Similarly, the origin 

of the heat transfer coefficient used in Eq. (VII-28) should also be 

explained. It would also be important to obtain from the FPC staff 

a physical explanation of the vapor release process calculated on p. 84 

if any serious consideration is to be given to this model. 

It would be more accurate to describe the dispersion models (p. 113) 

as including the effects of gravitational spread as a precursor to neu- 

tral buoyancy dispersion or as the determinant of the initial conditions 

for the latter. The model may or may not incl -~ entrainment during 

the spreading process, but if it does the mixing is related to spreading 

speeds and not to atmospheric turbulence. These models also conserve 

mass, momentum and energy (to various approximations) as does the diff- 

erential equation (SAI) approach. 
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The author's suggestion that heat and momentum transfer effects on 

the vapor dispersion from small scale spills is unimportant (p. 114-116) 

may be true, but the evidence in support of it given by the author is 

far from convincing. First of all, it is a confined land spill (in con- 

trast to the water spills exclusively treated in this paper) which is 

considered. Secondly, given the kind of disagreement between the models 

for a large water spill, all of which (including Burgess' model) 2:- 

clude gravity effects to a greater or lesser degree, the comparison 

in Fig. IX-I is probably fortuitous. But certainly this is a matter 

deserving further thought and analysis. 

The advantages of the differential equation model, such as SAt 

model, are not so one-slded as the author suggests on p. 120. For 

example, such models will not predict the observed dispersion in homo- 

geneous turbulent flow. But since the vapor cloud is being dispersed 

in the atmospheric shear layer, the approach of relating the local 

diffusivity to the distance from the surface and the local gravitational 

em stability parameter may be a reasonable approximation. Nevertheless, it 

would be very desirable to compare such solutions with measurements of 

dispersion of passive trace diluents. Also, there are other practical 

disadvantages to such models, for example, expense of obtaining solutions 

and hence testing for the sensitivity to various assumptions. 

In smmmmry, these comments are made to elaborate and develop several 

of the points raised by the author and thus to improve the general 

level of understanding of this difficult problem. 
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DETAILED COMMENTS 

] 

On p. 41, the argument of the exponential term in Eq. (IV-2) should 

read (-z2/20z 2) . This follows from Eq. (i) of Fay and Lewis {6) for 

the case of r = 0. 

For the reasons explained above, regarding the determination of 

hv, the height in item II, Tables VI-3 and VI-4 should read 7.1 m under 

column one. The corresponding distances in items IV and V of column 

1 should be 28.0 miles and 47.2 miles in Table VI-3 and 3.0 miles and 

5.3 miles in Table VI-4. Line 5 in Table IV-I should thus read 28.0 

miles. Also, Fig. VI-I should be modified accordingly. 

I 

II 
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i]  EOE AL. WE. C O M M . S S , O .  
WASHINGTON, D.C. 20426 

I March 3, 1977 

T Mr. Jerry A. Havens 
Cargo & Hazardous Materials Div. 

T U.S. Coast Guard (G-M~M/83) 
Washington, D. C. 20590 

Dear Sir: 

T I appreciate the opportunity to review and co=~ent 
T on your draft report "Predlctabzlity of LNG Dispersion from 

!ilili!i !i!;iiiiii!!i;ililili!;i !iili ! iiii!il i T 
I In general, the report appears to be heavy on providing 

everyone's equations, hut light on why the. models are in- 
adequate ("assessment" is in the title). Thus, given the 
evzdent quality of the SAI model and its reasonable limits 
for downwlnd vapor travel, I would suggest a concise summary. 
of reasons why those models that produce much longer plumes 
by factors of i0 to 40 times too much (page 14 and page 34) -- 
are so erroneous. Such a summary of how each model is deficient 
compared to SAI would be helpful, particularly in FPC cas~s 
involving LNG applications. These models have c a u s e d  con 
siderable confusion and delay in hearings. Having such material 
available before hand could markedly shorten the hearing process. 

It is most unfortunate that ~ou have placed so much 
emphasis on LNG spills of 25,000 m , which is a size that 
is probably too large ever to be observed. The following 
calculation illustrates this point. 

~O~'~T__ I°'v ~. 
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Mr. Jerry A. Havens 

The probability of a water spill from an LNG ship 
accident is the product of the probability of an accident 
times the probability 6f a spill given an accident. A way 
of estimating the accident probability is to consider LNG 
tanker operating experience. I have estimated recently 
that since 1964 there have been about 1,600 LNG tanker voyages 
worldwide, or 3,200 tanker transits of ports, harbors, or 
piers while loaded with cargo, without a major accident or 
major spill. From this observed excellent accident rate an 
estimate of the true accident rate may be made using standard 
statistical techniques. The result is about: 

1.5 x 10 -3 accldents/translt 
for all types of accidents. 

In order to get a feeling of the probability of a 
25,000 m ~ spill from a tanker accident consider that this 
is equivalent to about 6.6 x I06 gallons of oil in volmne. 
The probability of such an oil spill in U. S. ports, harbors, 
or piers, based on data from the Oceanographic Institute of 
Washington, 1974~ i= about 

- ~  -16 
e - e =~i.i x i07 spills per 

accident 
This is discussed more fully in the FPC Final Enviro~ental 
Impact Statement on Alaska Natural Gas Transportation Systems, 
April 1976, Vol. III, page 410-413. This important reference 

Dee~ does not seem to have n included in your list. _~s the 
probability of such a large spill is about 1.7 x I0- per 
transit, which is indeed negligible for any foreseeable annual 
rate of LNG deliveries worldwide. 

This view is underscored by the FPC Administrative Law 
Judge in his "Initial Decision on Proposed Alaska Natural 
Gas Transportation Systems," FPC, February 1977, in which he 
states in part: (page 94) "The fear raised by those opposing 
LNG facilities in populated areas requires, therefore, certain 
assumptions. First, there must be a large spill." (Page 95) 
"In order to achieve the large size vapor cloud necessary to 
create even measurable risks for people located some distances 
away, an assumption has to be made that a high volume of LNG 
be released instantaneously ." (page 95) '~NG is hazardous 
and must be treated with respect. The risks associated with 
its use must be analyzed. But, they must be done so on a 
credible basis with assumptions that are in themselves 
credible, and much of the risk analysis has not been done on 
that basis." Your otherwise fine report may therefore permit 
misleading information because it analyzes essentially im- 
possible events. 
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Mr. Jerry A. Havens 

Obviously, plumes from small water spills of LNG (WI00 m3), 
while presumably more prevalent, do not represent a public 
hazard either. The range of interest encompasses spills that 
are large enough to be a hazard but small enoug~ to possibly 
occur. Based on probability studies at FPC (in the first 
reference above), this range is believed to be 500-3,000 m 3. 
What are the comparative results from the models you have 
analyzed for this spill-size range? 

I note on page 116 that "sufficient accuracy may be 
obtainable from classical dispersion models for the prediction 
of LNG vapor dispersion from small spills on land or water," 
where "small" is not otherwise defined. It would be h~.ipful 
to know the accuracy expected from.these models compared to 
the SAI model in the above spill-slze range. ~le loss in 
accuracy may be more than offset by the substantially lower 
cost incurred from thelr use. Likewise, it would appear tc 
be worthwhile to perform sensitivity analyses or~ the SAI 
model in this spill-size range in order to reduce it's com- 
putation cost without sacrificing significant accuracy, Such 
sensitivity analyses should be supported. 

The discussion and rationale on page 15 for performing 
this assessment of downwind vapor plumes, in spite of the 
~robabillty of prompt ignition of the LNG vapor being 
extremely likely," seems shaky. The truth is that the 

available accident reports from the Coast Quard show that 
the probability of prompt ignition after oil tanker accidents 
is not known accurately, but appears to be reasonably large -- 
perhaps as large as 90 percent. Many witnesses at FPC hearings, 
including the writer, believe that this is probably true for 
LNG tanker collisions also (but here again there are no data). 
Extrapolating to LNG tankers, a i0 percent chance of non- 
ignltionwlth a subsequent hazardous plume is sufficient 
cause for your assessment, I should think, without confusing 
the reader further. In short, I do not equate '%ighly un- 
likely" with a I0 percent probability. 

Let me compliment you on a thorough, clear, and timely 
report. It is most important that someone from outside the 
LNG communltyperform such an assessment at this time. 

Theodore S. Needels 
Environmental Specialist 

m 

I 



Jnofflclal FERC-Generated PDF of 20050610-0070 Received by FERC OSEC 06/09/2005 in Docket#: CP04-36-000 

February 16, 1977 

' 7 

Dr .  J e r r y  H a v e n s  
T e c h n i c a l  A d v i s o r  
H a z a r d o u s  M a t e r i a l s  D i v i s i o n  
U n i t e d  S t a t e s  C o a s t  G u a r d  
W a s h i n g t o n ,  D.C.  2 0 5 9 0  

Dear Jerry, 

I w a n t  t o  t h a n k  y o u  f o r  t h e  e x t r a  e f f o r t  i t  t o o k  i n  s e e i n g  t h a t  
I g o t  a c o p y  o f  y o u r  d r a f t  r e p o r t  on t h e  " P r e d i c t a b i l i t y  o f  LNG 
V a p o r  D i s p e r s i o n " .  We s t i l l  d o n ' t  know w h a t  h a p p e n e d  t o  t h e  
f i r s t  c o p y  t h a t  w a s  s e n t .  

I w a n t  t o  c o m p l i m e n t  y o u  on  t h e  v e r y  e x c e l l e n t  r e p o r t  w h i c h  y o u  
h a v e  p r e p a r e d .  I c e r t a i n l y  f e e l  i t  was  an  e x t r e m e l y  w o r t h w h i l e  
e f f o r t  f o r  s o m e o n e  who was  n o t  d i r e c t l y  i n v o l v e d  i n  t h e  LNG 
c o m m u n i t y  t o  e v a l u a t e  t h e  v a r i o u s  m o d e l s  w h i c h  h a v e  b e e n  u s e d  
t o  p r o d u c e  t h e  w i d e  r a n g e  o f  a n s w e r s  o f t e n  q u o t e d  o r  m i s q u o t e d  
by  n o n - t e c h n i c a l  i n d i v i d u a l s .  

We h a v e  a v e r y  l i m i t e d  n u m b e r  o f  c o m m e n t s  w h i c h  you  m i g h t  
c o n s i d e r  i n c o r p o r a t i n g  i n t o  y o u r  r e p o r t .  T h e y  a r e  a s  f o l l o w s :  

I n  t h e  f i n a l  l i n e  o f  t h e  f i r s t  f u l l  p a r a g r a p h ,  you  n o t e  
p r o p e r l y  t h a t  t h e  w o r s t  a p p l i c a b l e  m e t e o r o l o g i c a l  c o n d i t i o n  
s u g g e s t e d  by  t h e  g r o u p s  i s  n o t  n e c e s s a r i l y  t h e  w o r s t  t h a t  
m i g h t  h a v e  b e e n  a s s u m e d .  I w o n d e r  i f  i t  m i g h t  n o t  be  w o r t h -  
w h i l e  s i t i n g  t h e  f a c t  t h a t  t h e  SAI r e s u l t  q u o t e d ,  f o r  
e x a m p l e ,  i s  f a r  f r o m  i t s  own p r e d i c t e d  w o r s t  c a s e  a s s o c i -  
a t e d  w i t h  a h i g h  w i n d  c o n d i t i o n .  

I n  t h e  s i x t h  a n d  s e v e n t h  l i n e s  o f  t h e  f i r s t  p a r a g r a p h ,  t h e  
p o i n t  i s  made  t h a t  i g n i t i o n  w i l l  p r o b a b l y  o c c u r  i n  a h i g h  
e n e r g y  c o l l i s i o n  b e c a u s e  o f  f r i c t i o n a l  h e a t i n g  a n t i c i p a t e d .  
W h i l e  we a g r e e  t h a t  t h i s  c o u l d  p l a y  a r o l e ,  i t  i s  o u r  p e r -  
s o n a l  f e e l i n g  t h a t  s p a r k s  a n d / o r  b r o k e n  e l e c t r i c a l  l i n e s  
o r  c o n n e c t i o n s  w o u l d  p r o d u c e  an  e v e n  m o r e  r e l i a b l e  i g n i t i o n  
s o u r c e  t h a n  t h a t  a s s o c i a t e d  w i t h  f r i c t i o n a l  h e a t i n g .  

Science Applications, Inc. 1200 P ¶ o ~  s!._. P:0- Bo~ ~s?. c~ Id,-. ca. ~o~,71~4s~_z,1 
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r Dr .  J e r r y  H a v e n s  
F e b r u a r y  17, 1977 
P a g e  Two 

,t., 
The f i r s t  a c c u m u l a t i o n  t e r m  s h o u l d  c o n t a i n  a 0, i . e . ,  2.~-P{ ~- 
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II 

Under the section entitled "Accountability of Momentum", 
the statement is made that equation VIII-2 is expanded w~th 
vertical accelerations and viscous forces neglected in the 
equation for accountability of vertical momentum. Another 
view of this would be to say that the vertical accelerations 
and the viscous forces are assumed equal and opposite. 7his 
results in the same equation VIII-5c, but does not give the 
sometimes mistaken impression that vertical velocities ave 
set equal to 0, which in fact, as you realize from the oiher 
equations, are not. 

P a s e s  102-103 

There is a spurious p in the horizontal diffusion terms 
of the conservation equations for H , V , H , ~ , i.e. 

K H ~--~ ~-~ and similarly for the y diffusion terms. 

~t 

A d e f i n i t i o n  o f  ~ s h o u l d  a l s o  
( t h e  g e o p o t e n t i a l  h e i g h t ) .  

be provided as ~ = gz 

D 
A l s o ,  t h e  s u b s t a n t i v e  d e r i v a t i v e  D-~ 

i n  t h e  o c o o r d i n a t e  s y s t e m  a s  

takes on a new form 

D ~ ~ ~ "~ 
= + + + o W 

I 
On page  103,  t h e  p e q u a t i o n  s h o u l d  c o n t a i n  an  RT f a c t o r  
i n  t h e  d e n o m i n a t o r .  

m 

Pa~e 104 

l t o d i f i c a t i o n s  t o  t h i s  p a g e  a r e  s h o w n  i n  t h e  a t t a c h e d  c o p y .  

e l  

I 

Pa~e 109 

The f i n a l  s e n t e n c e  s t a t e s  t h a t  t h e  r a t i o s  i n  T a b l e  V I I I - 3  
a r e  b a s e d  on p r o p r i e t a r y  f i e l d  d a t a  o b t a i n e d  by  SAI .  T h i s  
i s  c o r r e c t ,  a s  s t a t e d  i n  any  o f  o u r  r e p o r t s  c o m p l e t e d  f o r  
W e s t e r n  LNG T e r m i n a l  Company.  H o w e v e r ,  i t  may a l s o  be  
s t a t e d  t h a t  t h e y  w e r e  c o m p a r e d  w i t h  s i m i l a r  d a t a  p u b l i s h e d  
by  L a n t z ,  and t h e  SAI r e s u l t s  a r e  c o n s e r v a t i v e ,  i . e . ,  t h e y  
wou ld  p r o d u c e  s m a l l e r  d i f f u s i v i t i e s  i n  t h e  h o r i z o n t a l  d i r e c -  
t i o n  t h a n  t h o s e  u s i n g  t h e  r e s u l t s  o f  L a n t z .  

mS 
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D r .  J e r r y  H a v e n s  
F e b r u a r y  17 ,  1 9 7 7  
P a g e  T h r e e  

P a ~ e  111  

I n  t h e  t h i r d  l i n e  o f  t h e  f i r s t  f u l l  p a r a g r a p h ,  i t  i s  s t a t e d  
t h a t  S A I _ h a s  n o t  p u b l i s h e d  t h e i r  c a l c u l a t e d  r e s u l t s  f o r  a 
2 5 , 0 0 0  m 3 s p i l l .  I t h i n k  i t  i s  m o r e  p r o p e r l y  s t a t e d  t h a t  
SAI h a s  n o t  c a l c u l a t e d  t h e  d i s p e r s i o n  a s s o c i a t e d  w i t h  a 
2 5 , 0 0 0  m 3 i n s t a n t a n e o u s  s p i l l .  

For your additional information, I have enclosed a response, 
which we prepared for Western LNG Terminal Company, to a question 
from t h e  FPC r e g a r d i n g  m o r e  d e t a i l e d  i n f o r m a t i o n  on the n u m e r i c a l  
m e t h o d s  u s e d  i n  t h e  SIGMET c o d e .  I t r u s t  i t  w i l l  be  o f  some 
v a l u e  t o  y o u .  

A g a i n ,  l e t  me c o n g r a t u l a t e  y o u  on  a v e r y  e x c e l l e n t  r e p o r t .  

Sincerely, 

SCIENCE APPLICATIONS, INC. 

W a l t e r  G. E n g l a n d  . 
M a n a g e r  
E n v i r o n m e n t a l  S c i e n c e s  a n d  

S a f e t y  D i v i s i o n  

WGE:Ii 
encl 

g 
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[ Arthur D Little Inc ACORN PARK' CAMBRID6E.MA02140"  (617) ~:~I-5770.TELEX g214~ 

March 4, 1977 

r 
r 
r 

Dr. Jerry Havens 
Technical Advisor 
Cargo and Hazardous Materials Division 
Office of Merchant Marine Safety 
U n i t e d  S t a t e s  Coas t  Guard 
W a s h i n g t o n ,  DC 20590 

r 
G 

el 

Dear Dr, Havens: 

Thank you f o r  the  o p p o r t u n i t y  t o  r e v i e w  y o u r  c o m p r e h e n s l w  a s s e s s m e n t  
o f  t he  v a r i o u s  mode l s  in  use  f o r  p r e d i c t i o n  o f  v a p o r  d i s p e r s i o n  f rom 
p o t e n t l a l  LNG s p i l l s  on w a t e r .  U n f o r t u n a t e l y ,  I d id  n o t  have  t i m e  to  
make a d e t a i l e d  r e v i e w  o f  the  r e p o r t ,  s o  my comments a r e  p r i m a r i l y  
b a s e d  on i m p r e s s i o n s  f rom a o n c e - t h r o u g h  r e a d i n g  of  t h e  r e p o r t  and on 
my own c o n c e r n s  a b o u t  t h e  s t r e n g t h s  and w e a k n e s s e s  o f  t h e  v a r i o u s  
m o d e l s .  

Q 

o 

My c o l l e a g u e .  Dr.  Germeles  o f  Cabot C o r p o r a t i o n ,  has d l a c u s s e d  w i t h  
me and s e n t  me a copy o f  the  c o ~ , e n t s  he  i s  s e n d i n g  you  b~sed  on h i s  
q u i t e  t h o r o u g h  r e v i e w  o f  your  a n a l y s i s  o f  our  model  and t ~ a  Fay -Lewis  
mode l .  I concu r  w i t h  e s s e n t l a l l y  a l l  o f  h i s  r e m a r k s .  

g 

a 

Q 

My c h i e f  c o n c e r n  i s  t h a t  the  d r a f t  r e p o r t  may g i v e  t h e  i m p r e s s i o n  t o  a 
# e a d e r  who i s  n o t  t h o r o u g h l y  v e r s e d  i n  t h e  t e c h n l c a l  i s s u e s  t h a t  you 
a r e  r e c o - . - p n d l n g  t h e  SAI model  a s  t h e  b e s t  a v a i l a b l e .  Whi le  I c o n c u r  
t h a t  t h e i r  a p p r o a c h  i s  t h e  most  r i g o r o u s ,  I s t r o n g l y  s h a r e  t h e  c o n c e r n s  
you e x p r e s s  l a t e r  i n  y o u r  r e p o r t  t h a t  t h e  SAI model  n e e d s  much a d d i t i o n a l  
c h e c k i n g ,  s e n s l t l v i t ~  t e s t i n g  and v e r i f i c a t i o n  b e f o r e  i t  Should become a 
r e c o , m e n d e d  me thod .  The model  d e v e l o p e d  b y  Dr .  Germeles  and m y s e l f  i s  
s i m p l i f i e d  t o  t h e  p o i n t  o f  i n c l u d i n g  p h y s l c a l l y  u n r e a l l s t l c  a s s u m p t i o n s ;  
h o w e v e r ,  t h e s e  a s s u m p t i o n s  can  be d e f e n d e d  a s  b e i n g  c o n s e r v a t i v e .  Whi le  
we would  e x p e c t  our  mode l  t o  o v e r p r e d l c t  downwind h a z a r d  d i s t a n c e s ,  1 
d o u b t  t h a t  one  c o u l d  s o r t  t h r o u g h  t h e  many a s s u m p t i o n s  i n c o r p o r a t e d  in  
t h e  SAI model  and s a y  w h e t h e r  t h e  n e t  e f f e c t  i s  c o n s e r v a t i v e  o r  o p t l m i ~ -  
t i c .  (Th i s  g e t s  b a c k  t o  y o u r  c o n c e r n s  a b o u t  t h e  s e n s i t i v i t y  o f  t h e  model  
t o  key  p a r a m e t r i c  a s s u m p t i o n s . )  

d 

4m 

I I  

CAMSRIOG(, t4ASSACH~SETTS 

ATHEt~IS I~JSSELS ~ PJ~JS RIO OEJANEIRO SAN ~ S ~ O  T ~ N T O  WASHINGTON WIESbaDEN 

I 
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D r .  J e r r y  Havens  
U n i t e d  S t a t e s  C o a s t  Guard  

My m a j o r  c o n c e r n s  w i ~ h t h e  SAI" mode l  a r e  i n  t h e  f o l l o w i n g  a r e a s :  

1 .  S i n c e  t h e  S A I m o d e l  i s  p r o p r i e t a r y  a n d  v e r y  e x p e n s i v e  t o  e x e c u t e ,  
i t  h a s  n o t  y e t  been  e x t e n s i v e l y  s t u d i e d  b y  a n  i n d e p e n d e n t  e x p e r t  l i k e  
y o u r s e l f .  

2 .  The SAI mode l  s h o u l d  b e  a s  S e n s i t i v e  t o  c h o i c e  o f  m i x i n g  p a r a m -  
e t e r s  a s  t h e  GD mode l  s i n c e  t h e  same b a s i c  p h e n o m e n a  a r e  i n v o l v e d .  

3 .  The SAI mode l  c h e c k  ~ r l t h  " d a t a "  a r e  n o t  a r e a l  v e r i f i c a t i o n  s i n c e  
t h e  s m a l l  l a n d  s p i l l  t e s t  u s e d  i n  t h e  c o m p a r i s o n  w a s  n o t  l a r g e  e n o u g h  t o  
h a v e  d L s c e r u l b l ~  g r a v i t y  s p r e ~ d l n g  b e h a v i o r .  I n  f a c t ,  a s i m p l e  l i n e  
s o u r c e  G a u s s i a n  modeT~a l so  i s  i n  good  a g r e e m e n t  w i t h  t h e  d a t a .  

4 .  Any l a r g e  c o m p u t e r  p r o g r a m s  a r e  d i f f i c u l t  t o  v e r i f y  s i n c e  t h e y  
may c o n t a i n  I n s l d l o u s ' e r r o r s  o r  be  s u b j e c t  t o  s u b t l e  n u m e r i c a l  l u s t a -  
b l l t t i e s .  Only by  e x t e n s i v e  s e n s i t i v i t y  t e s t i n g ,  c o m p a r i s o n  w i t h  a n a l y t i -  
c a l  s o l u t i o n s  f o r  s i m p l e  t e s t  e a s e s ,  c o m p a r i s o n  w i t h  a n y  p e r t i n e n t  e x p e r i -  
m e n t a l  d a t a  a v a i l a b l e  ( e . g .  g r a v l t y  s p r e a d i n g  f rom s m a l l  s p i l l s  u n d e r  c a l m  
w i n d  c o n d i t i o n s ) ,  and . c a r e f u l  s e l e c t i o n  o f  v a l u e s  ( a n d  u n c e r t a i n t y  b a n d s )  
f o r  i m p o r t a n t  p a r a m e t e r s  c a n  o n e  g r a d u a l l y  b u i l d  c o n f i d e n c e  i n  a c o m p l e x  
c o ~ p u t e r  mede l .  

5 .  The t u r b u l e n t  m i x i n g  p a r * m e t e r s  u s e d  by  SAI a r e  b a s e d  on  t h e i r  
mcu d a t a .  When t h e s e  a r e  compared  w i t h  t h e  w i d e l y  u s e d  P a s q u i l l - C i f f o r d  
c o e f f i c i e n t s ,  i t"  a p p e a r s  t h a t  t h e  SAI p a r a m e t e r s  t h e m s e l v e s  may p a r t i a l l y  
b e  r e s p o n s i b l e  f o r  m i n i m i z i n g  t h e  e f f e c t s  o f  a t m o s p h e r i c  s t a b i l i t y  on 
d o~mwind t r a v e l .  

6 .  The i n c r e a s i n g  downvrlnd t r a v e l  d i s t a n c e s  w i t h  i n c r e a s i n g  w i n d  
s p e e d  a r e  p h y s i c a l l y  p o s s i b l e  b u t  h a v e  n e v e r  been  o b s e r v e d  i n  p r a c t i c e .  
W h e t h e r  o r  n o t  t h i s  i s  r e a l  c o u l d  p r o b a b l y  b e  shown o n l y  b y  a s e r i e s  o f  
e x t r e m e l y  l a r g e  (and c o s t l y )  e x p e r i m e n t s .  

G i v e n  t h e s e  u n c e r t a i n t i e s ,  I w o u l d  h a v e  p r e f e r r e d  y o u  t o  e m p h a s i z e  t h a t  
1)  t h e  C-D model  g i v e s  s i m p l i f i e d ,  b u t  c o n s e r v a t i v e  e s t i m a t e s  o f  downwind  
t r a v e l  and  2) t h a t  t h e  SAI a p p r o a c h  i s  a n  a t t e m p t  t o  o b t a i n  a more  p h y s l -  
c a l l y  r e a l i s t i c  a n s w e r  bu t  t h a t  t h e  m o d e l  i t s e l f  s t i l l  r e q u i r e s  f u r t h e r  
t e s t i n g  and  s c r u t i n y  b e f o r e  i t  c a n  b e  recommended p e r  s e .  

The i r o n i c  p a r t  i s  t h a t  a l l  t h e s e  m o d e l s  a r e  b e i n g  d e v e l o p e d  f o r  u s e  i n  
r i s k  a s s e s s m e n t  s t u d i e s  o r  f o r  d e f i n i t i o n  o f  some maximum a c c i d e n t  s c e n -  
a r i o .  In  f a c t ,  t h e  p r e s e n t  r a n g e s  o f  u n c e r t a i n t i e s  i n  t h e  m o d e l s  a r e  n o t  
l a r g e  compared  t o  u n c e r t a i n t i e s  i n  d e f i n i n g  s p i l l  s c e n a r i o s  ( q u a n t i t y  a n d  

i .  
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Dr. Jerry Havens 
United States Coast Guard 

e% 

Q 

J 

g 

rate) or in the distributions of population and IEnltlon sources iL the 
path of a hypothetical vapor cloud. In the SAI risk assessment, i~: is 
their conservative estimate of ignition source distribution -- not their 
vapor cloud analyses -- that determine the potentlal hazards. Wlth un- 
certainties such as these in other assumptions about accident scenarios, 
perfection of LNG vapor dispersion models seems to me to be more of a 
technically interesting goal than an urgently needed effort. (Even then, 
for rlak studies, cloud width is a much more important parameter t~an 
maximum downwind travel.) 

I'm enclosing a few ~uick calculations using the CHRIS model for a~ in- 
stantaneous 25,000 M J spill which are slightly different from those in 
your report. 

Please phone me if you'd llke to discuss any of these points further. 
Your report is an excellent contribution and will be widely dlssem/nated~ 
so I'm sure we all would llke to see it as fair and easily underst~adable 
an posslble. 

Wlth best regards. 

S i n c e r e l y ,  

Ellaabeth M. Drake 

EHD:km 

c c :  Dr. A. Germeles/Cabot  Corpo ra t l ou  
D. S. A11an/Arthur  D. L i t t l e ,  I n c .  
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